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New Directions in the Heck Reaction
Matthew McConville
Abstract: The Heck reaction of electron-rich olefins differs from that of electron-
deficient in that the regioselectivity of the reactions is often lower and moredifficult
to control. Recent work has shownthat a variety of methods can be employed to
control the regioselectivity when olefins such as enol ethers, hydroxylalkyl vinyl
ethers, N-vinyl amides, unsaturated alcohols and vinyl silanes are subjected to
arylation/vinylation conditions. The work in this thesis describes expansion of the
Heck chemistry of electron-rich olefins. This was achieved in several ways,
including application of catalysts not normally considered useful in these reactions
and application of established catalysts to new processes.
Chapter 2 describes the investigation of the Heck vinylation of electron-rich olefins
with vinyl halides. Although relatively unexplored, vinylations are usually treated as
analogous to arylations. We found somestriking differences between the two
reaction sub-types and as a result we found a catalytic system comprising a Pd-
hemilabile phosphine system that greatly improvedthe efficiency of the reaction and
allows smooth vinylation of otherwise difficult 2-substituted vinyl ethers. Following
on from this a mechanistic investigation revealedthatit is likely the Heck vinylation
follows a neutral pathwayas opposedto the generally accepted ionic pathway.
In Chapter 3 we report that the Heck reaction of alkyl vinyl ethers in diols leads
directly to cyclic ketals. Replacing the expensive hydroxy alkyl vinyl ethers with
butyl vinyl ether greatly reduces the cost of the reaction and allows chemoselective
ketal formation in the presence of other carbonyl functionalities. Both the aryl group
and the ketal ring can be varied by choosing the appropriate aryl bromide and alcohol
solvent. We also describe a phosphoric acid catalysed ketalisation of isolated enol
ethers in alcohol solvents that allows diols not suitable for the Heck reaction to be
incorporated into the products, again in a chemoselective fashion.
In Chapter 4, the regioslelactive arylation of unsaturated alcoholsis utilised in a one
pot procedure for the synthesis of substituted tetrahydrofuran and tetrahydropyran
derivatives. Previous methods for the arylation of unsaturated alcohols were
unsuitable for the one pot procedure and it was found that H-bond donating
ammonium salts could affect regiocontrol whilststill being compatible with the acid-
catalysed cyclisation. A range of aryl bromides were successfully converted to the
corresponding 2-aryl-2-methyl saturated oxygen heterocycles using the new
procedure.
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Chapter1
Introduction
1.1 Catalysis
Catalysis is one of the most fundamental processes in nature. Withoutit, life
itself would not exist as the vast majority of biologically relevant chemical processes
rely on catalysis of some description. One theory on the origin of life relies on a
predecessor of RNA becominga catalyst for its own replication.'” The importanceof
catalysis is indisputable, it is all around us, part of our everyday lives and, indeed,
vital to our very existence.
A catalyst can be described as a component of a chemical reaction that
actively participates in the reaction whilst not being consumed, allowingit to be used
in substoichiometric (or catalytic) quantities. A true catalyst returns to its original
state after a reaction ready to begin another cycle. Therole of the catalyst is to lower
the activation energy and henceincreasethe rate of reaction. Figure 1.01 shows how
a reaction of A to produce B has a loweractivation energy in the presence of a
catalyst (Eacat)) than the same reaction in the absence of a catalyst (Eacuncat.))-
 
Reaction Coordinate
Figure 1.01 Difference in activation energy betweencatalysed and uncatalysed reactions
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The difference in rate between catalysed/uncatalysed reactions can be on a
scale of many orders of magnitude. For example, hydrogen peroxide is a relatively
stable molecule, being stable enoughto store at room temperature for long periods of
time. However,if a catalyst in the form ofthe enzyme(catalase) is introduced, rapid
decomposition occurs to water and oxygen (Scheme 1.01).
[Cat] ti
[Cat]H,O, ————~_ 2H,O + O, none stable
catlase seconds
Scheme1.01. Catalysed and uncatalysed decomposition of hydrogen peroxide
The difference can be so great, in fact, for many transformations there is
essentially no reaction without the addition of a catalyst. In addition to the increases
in rate offered by catalysts, there are also the high levels of stereo-, chemo-, regio-
and diastereoselectivity that can be achieved when
a
suitable catalyst is employed.
For these reasons, the study and developmentofcatalysis is of great interest to many
researchers in a broad range of scientific disciplines. Energy sources,°
: L * 11- : - :pharmaceuticals,’ 10 fine chemicals,'’”° petrochemicals,’® 9 automotive
26-28engineering” and food production are just a few examples ofareas that could
benefit from an improved understanding and application ofcatalysis.
A great manytypesofcatalyst exist; they range in size and complexity from a
simple proton to elaborate metal complexes through to enzymes with molecular
masses measured in kDa. The main classes would be considered as bio- (enzymes),
molecular, transition metal and organo-catalysts. Also, depending on thestate of the
catalyst they can be further divided into heterogeneous and homogeneous.
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As this thesis is concerned primarily with homogeneoustransition metal
catalysis the focus of this introduction will be on examplesof this type. However, it
is important at this point to further look at enzymesas they provide a great source of
inspiration to those studying catalysis. The reason for this being that enzymes
provide some of the fastest and most selective reactions known, all at mild
temperatures and pressures in an aqueous environment. Carbonic anhydrase, the
fastest known enzyme exhibits TOF’s up to ca. 3 x 10° h!??*° Palytoxin (Figure
1.02), with 73 asymmetric centres, 7 stereocontrolled C=C double bonds and
numerous oxygen heterocycles, presented one of the most challenging total syntheses
completed to date.’ Given that palytoxin is a natural product it can be seen that
nature, with her plethora of enzymes, can build amazingly complex molecules with
relative ease. Ofparticular relevanceis that many enzymescontain metalionsat their
active site. These so-called metalloenzymes can be viewed asa reactive centre (metal
ion) surrounded by a complex ligand system comprisinga three dimensionally folded
peptide chain. The well-defined tertiary and quaternary structures of proteins are the
basis of the substrate specificity and reactive selectivity.
 
Figure 1.02. Structure of palytoxin
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Given the features described above, it is not surprising that much work is
directed towards mimicking the reactions of enzymes by incorporating their features
into catalyst design.*”*° Examples where the choice of metals, donor atoms/structure
of ligands, cofactors and additives is inspired by enzymesare plentiful.” It does
seem, however, as chemists we will always be playing catch up with nature and
should continue to seek out the lessons we can learn in order to create faster, more
selective catalysts.
1.2 Homogeneoustransition metal catalysis
Transition metals have provided us with innumerable catalysts. From increasing
the rate and selectivity of well-established reactions to the invention of brand-new
ones, but whatis it that makes transition metals such good catalysts? Although not
exclusive to transition metals, some features of their chemistry are particularly
prominentfor these elements.
e d-orbitals- The outer most orbitals or valance shell of a transition metalis
made up,by definition,ofpartially filled d-orbitals. The five d-orbitals shown
in Figure 1.03 allow acceptanceas well as donation ofelectrons to and from a
substrate. This ability is vital for many organometallic processes found in
transition metalcatalysis.
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Figure 1.03. Representative diagram ofthe five d-orbitals
e Variable oxidation state- Catalytic cycles often involve steps where a change
in oxidation state on the metal is necessary. Transition metals display the
most diverse range of oxidation states in the periodic table. For example,
stable complexes of vanadium in +2, +3, +4, +5 oxidation states can easily be
prepared and switched-betweenin solution.** The stability of these ions and
the low energy barriers between them are favourable characteristics for
catalysis and quite typical oftransition metals.
e Complexformation- By attaching ligands to a transition metal we are able to
make complexes. By varying the ligands, metals and oxidation state an
almost limitless number of complexes can be synthesised. The ligands
encountered in modern coordination chemistry show unimaginable diversity.
They serve many purposesincluding altering the electronic properties of the
metal centre, stabilising unusual oxidation states, changing the steric
environmentand even find use in medical applications. For example, iron has
well known chemistry in its IJ and III oxidation states. Less well known,
outside of biological systems, are discrete complexes containing Fe(IV) and
only in 1997 the synthesis of an Fe(V) complex was achieved outside of
10
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polynuclear oxide chemistry (Figure 1.04).** Heavy metal poisoning, a rare
but nonetheless serious condition can be successfully treated with chelation
therapy by administering a ligand for the metal responsible and thus
facilitating clearance from the body.*°*” Succimer (Figure 1.04) is a ligand
for lead that has been used to successfully treat patients with potentially fatal
lead poisoning. Asymmetric transition metal catalysis owesits very existence
to the ability of the metals to form complexes with chiral ligands.**°°
SH O \| S—Fe’-SHO /rye ODO SH al
‘Succimer’ First Fe(v) complex
Figure 1.04 Ligandsfor high oxidation state stabilisation and medical applications
Giventhese features it is not surprising that almost every conceivable type of
reaction hasa transition-metal catalyst associated with it. Figure 1.05 shows some of
the reactions that can berealised by homogeneoustransition metal catalysis. Many of
these reactions, although possible without catalysis, are faster, more selective, more
economical and‘greener’ than their uncatalysed counterparts.
11
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O [M*] OH
NN [H] ma
Hydrogenation
Mm — mM AR-X + R'-M RR' ~~ [O]R R
Cross- coupling Oxidation
= Lm——_—_—_> *R /n R HCN R~ ~CN
Polymerisation Hydrocyanation
Oo Rs Ry Ro[M] : =mi,
SS ——CO/H> 4A, R3 Ry
Hydroformylation Metathesis
Figure 1.05. Homogeneoustransition metal catalysed reactions
From an industrial point of view, homogeneoustransition metal catalysts
lagged behind their heterogeneous counterparts.’ Until the late 1950’s most
industrially relevant reactions could be performed with solid catalysts. The easy
recovery, re-use and operational simplicity make heterogeneouscatalysis easier for
large-scale application. The first industrial example of homogeneouscatalysis was
hydroformylation or the ‘OXO’ process. The reaction was discovered (1938) and
developed by Otto Roelen, a man widely regarded as the forefather of industrial
homogeneous catalysis.” Today it is still one of the largest commodity chemical
processes with production of multi-million tonnes/year.”’ The attraction of
homogeneouscatalysis lies in the selectivity it can offer in reactions where there is a
choice of products. The birth of organometallic chemistry with the discovery of
ferrocene led to an explosion of research in the area that was paralleled by new
homogeneous catalysts.°* The production ofhighly active and selective catalysts was
madepossible by surrounding the metal with a suitable ligand. The industrial value
12
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grew from ca. $100m in 1950 to >$23bn in 1985.Another more recent trend that
has helped the growth of homogeneouscatalysis is the growth of the speciality and
fine chemical industries.*!°'*'>*” Fuelled by an ever increasing demand for new
pharmaceuticals, many companies are moving into the production of small volume,
high value products. Many of these products are chiral or have some sort of
selectivity involved in their synthesis, selectivity that can only be offered by
homogeneouscatalysis.
1.3 Palladium
Palladium (Pd) is element number 46 in the periodic table and resides in
group 10 along with Ni andPt. It is in the d-block or transition metals and can further
be grouped into the platinum groupor ‘noble’ metals.*° The term ‘noble’ refers to the
resilience of the metals to corrosion and oxidation andnot to their reactivity. The
metals in this group (Pd, Pt, Rh, Os, Ru, Ir) have a rich and diverse chemistry and
their compounds make someofthe best knowncatalysts. Unsurprisingly, this has led
to transition metal catalysts using these metals being the subject of several Nobel
prizes. Discovered in 1803 by William Hyde Wollaston, palladium is named after an
asteroid ‘Pallas’ that was discovered around the same time. The techniques for the
extraction and separation ofpalladium andother platinum group metals developed by
Hyde are regarded as the foundation ofthe metallurgy of these elements.°’ Apart
from usein catalysis, palladium metal is used for jewellery and electronics. The latter
is one reason companies will buy old electronic devices. Recovery of the precious
metals, including palladium, can be a profitable venture. The high prices paid for
palladium reflectits rarity; very low yields of around 7 g per ton ofore are achieved
13
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in the extraction process. A financial burden for manyresearchers is that for many
reactions the best choice of metal tendsto be the most expensive!
Some of the fundamental features of palladium chemistry may help explain
whyit is such a useful metal in catalysis. As well as those outlined in section 1.2,
palladium has some additional advantages over the other metals in group 10.
Complexes ofpalladium, when compared to Ni and Pt have moderate stability. Due
to their respective sizes Ni complexestend to be less stable and Pt morestable than
analogouspalladium counterparts. This appears to give palladium complexes a level
of reactivity that is useful for catalysis.’ An exampleofthe stability of Pt complexes
can be seen in Zeise’s salt [{(n’-C2H4)PtClo}2] , one of the first organometallic
compoundsreported. This ethene coordinated crystalline complex is air and moisture
stable at room temperature.” Palladium chemistry is dominated by Pd(II) and Pd(0)
due to the high stability of complexes in these oxidation states. The low energy
‘shuttle’ between Pd(II)/Pd(0) means that many two-electron processes, often
components ofcatalytic reactions, readily take place for palladium. Conversely, Ni is
more prone to form Ni(0)/Ni(I) couples and so radical processes are more likely.
This can lead to side products or lower selectivity in reactions where Niis used in
place of Pd. Pt has a very stable +4 oxidation state and so predominantly forms d°-
octahedral complexes, limiting its catalytic utility. Comparedto the alkali and early
transition metals, palladium is much more electronegative (Pauli = 2.2). As a
consequence Pd-C bonds in organopalladium compoundsare relatively non-polar.
Thus, Pd catalysis is tolerant of functional groups such as carbonyls that other
organometallics such as Grignard reagents would readily react with.
14
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Organopalladium compounds can, therefore, be considered as complimentary to
other organometallics.”°
1.4 Homogeneouspalladium catalysis
There are two commodity chemical processes that use homogeneous palladium
catalysis in industry-
1. The ‘Wacker’ oxidation- Palladium has been knownto oxidise ethylene to
acetaldehyde in a stoichiometric process since Phillips reported the reaction
in 1894. Only in 1960, with the discovery of the ‘Wacker’ oxidation
(Scheme 1.02) did this valuable transformation becomeindustrially viable.*
Catalysis was achieved by using CuCl; to oxidise the Pd(0) back to Pd(II).
The resulting Cu(I) can then be readily be converted back to Cu(II) by O2.
2 Cul! Pd!! —= +H,0
1/2 O» O
2 Cu! Pd° A,
Scheme1.02. The ‘Wacker’ oxidation
2. Shell polyketone synthesis™- It was 36 years from the discovery of the
Wacker process until another homogeneouspalladium catalyst made it onto
the large scale industrial stage. Shell introduced a palladium-bisphosphine
catalyst for the terpolymerisation of ethylene, CO and propylene to produce
aliphatic polyketones. Theoriginal plant was built with a capacity of ca. 20
000 tonnes year.
15
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Palladium and cross-coupling reactions
If only looking at bulk chemicals, palladium appears underrepresented in an
industrial sense. However, when lookingto the fine or speciality chemical industries
it has a much greater presence.°'? Thelast fifteen years in particular has seen the
use of homogeneouspalladium catalysis increase rapidly. This is mainly due to the
plethora of cross-coupling reactions mediated by palladium.**®’ Cross-coupling
reactions, many catalysed by palladium, are now invaluable in organic synthesis and
a summary of the most common types are shown in Table 1.1. In general, an
aryl/vinyl/alkyl halide/triflate is coupled with an organometallic coupling partner to
form a new C-C bond andeliminate a metalsalt. Most of these reactions now have
protocols that show excellent functional group tolerance and can be carried outat
high S/C ratios at or below room temperature. There are also C-heteroatom bond
forming processes such as the Buchwald-Hartwig amination that have madeit to the
industrial scale.”
Table 1.1. Pd-catalysed cross-coupling reactions
 
 
[Pd]RX + R'M RR' + MX
Reaction M__ Reference
Suzuki B
Stille Sn 7h”
Kumada Mg 2B
Negishi Zn ”™
Hiyama si”
76,77Sonogashira Cu
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1.5 The Heck reaction
Following work on the transmetallation of organomercury compoundsin the
late 60’s, *** the Heck reaction was discovered independently and simultaneously
by RF. Heck®* and T. Mizoroki.*° Generally described as ‘a reaction ofan aryl/vinyl
halide/triflate with an alkene in the presence of a base and a palladium catalyst’
(Scheme 1.03) It is now one ofthe most widely used C-C bond forming reactions in
organic chemistry. The initial reports were followed by a series of papers by Heck
where he demonstrated the potential of the chemistry to become whatit is today.*””°
The vast quantities of work produced since that discovery means no simple
description can do justice to the rich and diverse nature of Heck chemistry. Thelist
of aryl, vinyl,” and even alkylating’ agents is growing all the time and it would
seem that almost every solvent and base has, at some stage, been applied to the
reaction.
os . _R [Pd] IN __R — R
Base Nceaeeiil a--tssoy nbsSY!!s. '
fe
o
/
Scheme 1.03. General scheme for Heck reactions
A large and ever increasing volumeofliterature (Figure 1.06) on the subject
meansthat the Heck reaction has been reviewed on numerous occasions.’"°*!°! The
level of fundamental research carried out has led to a greater understanding ofthe
reaction and hence paved the way for more applications of the Heck reactionin total
syntheses and fine chemical production.”*!°
17
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Figure 1.06. Number of publications vs. year for articles containing ‘Heck’ in thetitle (Web of
Science)
Milestones in Heck Chemistry
Since its discovery, many developments have been made in Heck chemistry.
There are, however, a few that stand outas particularly significant.
Heck/Mizoroki 1971/2- Independant reports of a palladium-catalysed
vinylation of aryl/vinyl halides emerged.***°
Spencer 1983/4- Two papers in this period realised the true potential of
phosphineligandsto stabilise a palladium catalyst in polar solvents with a
suitable base.'°*'®? Ligands such as PPh3 and P(o0-tol); allowed catalyst
loadings as low as 0.0005 mol% and TON up to 134,000 to be achieved.
Activated aryl chlorides werealso able to react with the new catalyst system.
Jeffery 1984- The use of additives such as NBu,Cl in the Heck reaction is
'04 Quaternary ammonium saltsnow referred to as the Jeffery conditions.
provide advantages in a wide range of systems, probably due to the fact they
can play manydifferent roles.'°*!” They can be liquid-liquid or solid-liquid
phase transfer agents, promoters of oxidative addition (halides), stabilizers of
underligated or nanoparticulate palladium and ion exchange agents, all of
18
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which are beneficial to the Heck reation. Specific examples will be discussed
later.
e Herrmann/Beller 1995- The Herrmann-Beller palladacycle, derived from
Pd(OAc), and P(o-tol); was found to be an excellent catalyst for the Heck
110,111reaction. The preformed catalyst was found to be superior to the in situ
generated complex. Although Spencer apparently unwittingly used the
* noting P(o-tol); was superior tocomplex in his work of the early eighties,'”
PPh3, it was not until Herrmann and Beller characterised and developedit as
a preformedcatalyst wasthe true potential of palladacycles realised. TON of
up to 200 000 were achievedat catalyst loadings of 0.0005 mol %. This can
be improved furtherstill by the use of suitable additives. The catalyst was
found to be applicable to a range of aryl bromides and an activated aryl
chloride. The air, moisture and temperature stability of these complexes are
particularly advantageous. Considerable work has gone into developing
palladacycle catalysts and discovering their mode ofaction”
e Herrmann 1995- The introduction of N-heterocyclic carbenes was another
step forward in homogeneoustransition metal catalysis, including the Heck
reaction.'!**> These new ligands showed remarkable coordination properties.
Electronically they are similar to phosphine ligands in that they are excellent
o-donors but poor m-acceptors. They exhibit high thermalstability and are not
> These properties make them verygenerally air or moisture sensitive.’
useful catalysts in the Heck reaction where they can be used at temperatures
>140 ‘C. Phosphines are not generally able to operate under such harsh
19
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conditions as they undergo well known decomposition pathways such as P-C
bond cleavage.'** Theinitial report used Pd loadings downto 10% mol%.
e Fu 2001- The Pd-P(‘Bu)3/Cy2NMesystem introduced by Fu allowed the Heck
reaction to be carried out under unprecedentedly mild conditions.'*° Aryl
bromides and activated aryl chlorides reacted with a variety of olefins at
room temperature. Unactivated aryl chlorides could also be coupled in a
more general fashion than before. There were very few reports of reactions of
this type previousto this report.
Further to the work above, interesting developments in Heck chemistry came
with a somewhat surprising discovery linking the work of Jeffery and
Herrmann/Beller. de Vries noted in 2003 that the ‘ligand free’ Heck reaction could
proceed at extremely low or ‘homeopathic’ Palladium loadings without
deactivation.'”° At these low loadings (0.01-0.1 mol %) the TOFs were actually
greater than at higher loadings. An observation that, at first glance, seems counter-
intuitive. It was noted that, at higher loadings, after an initial period of high TOF,
rapid formation of palladium black was accompaniedbyloss ofcatalytic activity. It
was suggested that the active catalytic species in these reactions is actually
monomeric palladium and that an equilibrium exists between the active palladium,
soluble palladium clusters and inactive palladium black. At the lower loadings this
equilibrium is shifted more in favour of the monomeric palladium andtheresult is a
higher catalytic activity and increased catalyst lifetime. It was also noted that the
kinetic profile of the ligand free system and the Herrmann-Beller palladacycle were
similar, an indication that the active species is the same in both cases. The
palladacycle acts as a reservoir of monomeric palladium and the ligand serves to
20
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prevent the aggregation to inactive clusters by stabilising the resting state of the
palladium. The take home message from this work is that, in catalysis, less can
indeed be more. One has to wonder how many examples where Heck chemistry has
failed in syntheses could have benefited from these observations. There are,
however, many examples where Heck chemistry has played a key role in total
synthesis. Some prominent examplesare outlined below.
Heck reactionsin total synthesis
Intermolecular, intramolecular and asymmetric variants of the Heck reaction
have all found a place in total syntheses. Some examples of compounds produced
utilising the chemistry are shown in Figure 1.07. Estrone, a tetracyclic steroidal
compound was synthesised enantioselectively by Tietze et al. using an
intramolecular/intermolecular double Heck reaction.'”’ (-)-Quadrigemine Cc’is a
plant extract that shows analgesic and antibacterial properties. It was synthesised via
a double asymmetric Heckreaction ofan aryltriflate using a Pd-(Tol)-Binap catalyst.
Taxol is an antitumor agentthatis still in clinical use today. The total synthesis was
achieved by employing an intramolecular Heck vinylation as a key bond forming
step employing Pd(PPhs) as a catalyst.'”°
21
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NvHH
Figure 1.07. Total syntheses using Heck reactions as key steps
Industrial synthesis ofpharmaceutical agents
Naproxen, a non-steroidal anti-inflammatory drug, was produced on an
industrial scale using the Heck reaction of 2-bromo-6-methoxynapthalene with
ethylene (Scheme 1.04). A palladium catalyst with an unusual
neomenthyldiphenylphosphine ligand is employed for the reaction. Similar processes
were also reported for related compounds using the Hermann-Beller palladacycle.
Br __ Pdel ‘SS— —~-s. Naproxen
MeO MeO
 
Scheme1.04. Heck reactionin the industrial synthesis of naproxen
Montelukast sodium is an anti asthma drug used to treat children with the
disease. A key transformation of the industrial synthesis was a Heck reaction of
22
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methyl-2-iodobenzoate with an intermediate allylic alcohol (Scheme 1.05). A simple
catalytic system of Pd(OAc)2 and NEt; in DMF achieved the C-C bond formation
and isomerisation led to the desired ketone, an advanced intermediate in the
63synthesis.
   OH _PAA)NEts,MeCN
 
“CD
Scheme1.05. Heck reaction in the industrial synthesis of montelukast sodium
1.6 Heck reaction mechanism
A textbook version of the generally accepted catalytic cycle for Heck
reactions is shown in Scheme 1.06. Although immensely simplified, this
representation is sufficient for basic understanding of the requirements of a Heck
reaction!” In reality each step is a subject in its own right with numerous
possibilities, the path taken depending on many factors and varying with what might
seem to betrivial changes to the conditions, substrates etc.’ Even with the wealth of
knowledge gained through painstaking investigation, we are far from fully
comprehendingthe entire picture and mustcontinue to probe the mechanism so that
moreefficient, selective and convenient catalysts can be designed. After the catalyst
activation in step A the actual catalytic cycle is made up of 5 fundamental
organometallic steps. Oxidative addition B, olefin coordination C, migratory
insertion D, B-hydride elimination E and finally reductive elimination F completes
the cycle and regenerates the active palladium catalyst.
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Scheme1.06. The Heckcatalytic cycle
Preactivation step (A)
The metal precursors and ligands or, in fact, preformed metal complexes
added to reactions, are in most cases not the active catalysts. These ‘precatalysts’
must undergo some form oftransformation to a form where theyare suitable to enter
the catalytic cycle. This transformation is termed ‘preactivation’ and almostall Heck
reaction catalysts must go through this step. The active catalytic species in the Heck
reaction may be a dicoordinate Pd(0) species (Pd-L2). The term dicoordinate is used
with the exclusion of transient ligands such a solvent molecules and refers only to
strongly bound ligands such as phosphines, amines, carbenes etc. The two most
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commonpreactivation processes are reduction of Pd(II) to Pd(0) and the equilibrium
processesthat lead to the correctly ligated Pd species.
Reduction ofPd(0) to Pd (II)
Amatore and Jutand have extensively investigated this step and identified
several key factors that determinethe final palladium species generated. They have
identified potential active catalytic species in several detailed reports. 3019’ Because
of their ubiquitous nature, it is probably most appropriate to address the mode by
which phosphines can reduce Pd(II) to Pd(0). A coordinated phosphine is itself
attacked at the central phosphorus atom by a nucleophile. In the process two
electrons are transferred to palladium, reducing it to the catalytically active zero
oxidation state. Water is the most likely candidate to play the role of the nucleophile
and the driving force for the reaction is formation of the extremely stable phosphine
oxide after decomposition ofthe initially formed phosphonium salt. Scheme 1.07
shows a common example of Pd(OAc)> being reduced by PPh; and H2O though the
process occurs with many Pdprecursors, ligands and nucleophiles. '* 6
-y
Pd".—pph, ———> Pd+ H,0*—PPh3
0H, 2 Aco”
 
Pd+ Ph3,PO + 2AcOH
Scheme1.07. Reduction of Pd(II) to Pd(0) by PPh3 and H,O
In addition to this general mechanism there is the more specifically relevant
example provided by Amatore and co-workers.'*’ In a Pd(OAc),/bisphosphine
system where two equivalents of the bidentate ligand are used, one equivalent of the
bisphosphine monoxide is formed. The palladium is reduced by the chelating
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phosphine via an inner-sphere mechanism involving a coordinated acetate ion. The
phosphine/phosphonium ligand undergoesa substitution reaction with the remaining
bisphosphine and generates the bisphosphine/acetate/palladium complex thought to
be the catalytically active species.
AcO:*PPhyPhP.2 \ore slow 6 fast. Ph2P. tN H,O 7_( Spd <== PhyP-Pd-OAc ===| _—“(Pd-OAc| + AcO-PPh, PPhg——*PhP” Phy
PhP OAc Ph2P
Catalytically active species
Scheme 1.08. Catalytically active species generation from Pd(OAc), and bisphosphines
 
Generation ofdicoordinate Pd through pre-equilibrium
There is somewhatof a paradox that exists when considering how to increase
the chances of generating the required dicoordinate palladium (Pd-L2). Scheme 1.09
shows the equilibrium involved to reach the active species from a typical four
coordinate palladium precursor. Usually, K'>>K°so [Pd-Ly] is very small.’°°'°* On
one handintuition would lead us to reduce the amountofligand so that only two (in
the monodentate case) are available, driving the equilibrium to the right. Indeed this
does lead to an increased [Pd-L2] but at high enough concentrations a fast and
irreversible decomposition to palladium aggregates or ‘palladium black’ occurs. To
combat this problem increasing the amount of ligand would be logical solution.
Unfortunately this would drive the equilibrium in Scheme 1.09 too far to the left and
render [PdL2] too low for effective catalysis. It is, therefore, necessary to optimise
the amount of ligand for each new reaction or use strongly binding ligands such as
carbenes. This said, for monodentate phosphine ligands 3-4 equivalents will usually
  
suffice.
L 1 L kK2 LL-Pd-L ‘ L-Pd ~ L—pq Active catalytic
t L species
Scheme1.09. Pre-equilibrium leading to the catalytically active Pd-L,
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Oxidative addition (B)
Thefirst step to be truly within the catalytic cycle is oxidative addition. This
is the fundamental process by which an underligated transition-metal complex is
added across a C-X (X = Cl, Br, I, OTf, OMs...) bond, in the process increasing its
oxidation number by 2 i.e. Pd(0) to Pd(II). Oxidative addition is sensitive to,
amongst other factors, the strength of the C-X bond andthe electronic properties of
the metal atom. Of course, steric factors in the substrates and ligands, solvent,
temperatureandpressurecanall exert an effect on the rate of the process but we will
concentrate on the aforementioned.'*!"'°*'*° As determined by Jutand and Amatore,
the order of reactivity for the most commonly used substrates in oxidative addition
follows the general trend I>>OTf>Br>>Cl.'*° Unfortunately this trend is also true for
the cost and availability of the substrates so a compromise between economy and
reactivity must be found. As the metal atom involvedis oxidized, increased electron
density will increase the rate of oxidative addition. One might be tempted into
thinking that simply increasing the electron-donating capability of the ligands would
lead to an increased rate of oxidative addition and hence, in cases whereit is the rate
limiting step, increase the overall reaction rate. This is fundamentally true and
electron-rich ligands are superior to others for oxidative addition. However, for the
reasons outlined abovethereis a limit to the benefit that can be gained by increasing
the electron-donating capability of the ligands. If the ligands are boundtoo strongly
the metal centre Ky may becometoo small for an effective reaction to take place.
Olefin coordination (C)
In order for the C-C bond forming step of migratory insertion to occur, the
olefinic coupling partner must be coordinated to the palladium. This requires a
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vacant coordination site on palladium and therefore dissociation of one ligand. The
nature ofthe ligand that dissociates can have consequencesfor the regioselectivity of
the reaction (vide infra). Many descriptionsof the olefin coordination would lead a
reader to believe it was a dissociative process.In reality it is likely that an associative
mechanism is in operation and the four-coordinate 1-vinyl species is reached via a
five-coordinate palladium intermediate. *’
Migratory Insertion (D)
Migratory insertion is the C-C bond forming step of the catalytic cycle. It is
the regioselectivity and, in asymmetric variants, the stereoselectivity determining
process. Forelectron-rich olefins this is particularly relevant and is discussed in
detail later. An important feature of the migratory insertion is the requirementthat
the C=C bondofthe olefin mustbe in the palladium square plane. For this to occur,
the olefin mustrotate through 90° fromits initial perpendicular coordination mode.It
has been shownthat the barrier to rotation could be a rate limiting process (vide
infra).
R Rotation t [L, f otation to“oya | in-plane LN
I Nar \% Nar
Scheme1.10. Rotation of coordinated alkene into the Pd square plane
B-Hydride elimination (E)
B-Hydride elimination is the step in which the productis released from the
catalytic cycle. It is also the step in which the stereochemistry of the product is
decided. Immediately following migratory insertion, Pd and the aryl/vinyl group are
in a syn relationship (Scheme 1.11). As the hydride elimination requires a syn
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relationship of Pd and H aninternal rotation must take place. For monosubstituted
alkenes undergoingaryl/vinylation at the B position there is a choice of hydride. The
hydride eliminated is predominantly the one that reduces the steric interactions
between the R group andthe aryl/vinyl group. Unless R is very small this leads to
high E selectivity. For reactions of monosubstituted alkenes where a selectivity
occurs to produce 1,1’-disubstituted products, there is no choice of hydride and no
stereochemical issues. The hydride elimination results in the product alkene being
coordinated to the palladium in an n’ modeanddisplacementofone otherligand.
Largesteric repulsion
R Minor isomer
 
RHy RotationPd H Ar R H
Ar HPd
Lesssteric repulsion
Scheme1.11. Internal bond rotation and B-Hydride elimination
Productdissociation (F)
The ligand that dissociated in step E now comes in and, through a substitution
reaction, releases the product from the palladium. The cis complex formed bythis
reaction is the correct geometry for the final step of the catalytic cycle, reductive
elimination of HX.
Reductive Elimination (G)
The final stage of the catalytic cycle is the reductive elimination of HX from
the palladium complex (Scheme 1.12). Assisted by an appropriate choice of base the
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palladium is reduced from Pd(II) to Pd(0). The catalytically active species is
regenerated and can nowenter a fresh catalytic cycle. The choice of base can have
dramatic effects on the Heck reaction and can be the difference between complete
failure and a highly successful reaction.
BaseX-Pd!! Pd+ BaseHX
Scheme1.12. Reductive elimination ofHX from XPdH
1.7 Electron-rich vs. electron-deficient olefins
The Heck reaction can be divided into two distinct groups, depending on the
nature ofthe olefinic partner. Reactions of electron-deficient olefins such as acrylates
and styrenes are well-studied and excellent catalysts exist for their arylation,
vinylation and in somecasesalkylation. TOFs up to 300 000 and TONs of 5.7 x 10°
h’ can be achieved, with Pd-loadings that are below the permitted level of Pd for an
API.”> Some complexes can catalyse the reaction at room temperature whilst
maintaining acceptable reaction rates and catalyst loadings.'**'*? Thereactions are
highly regioselective with substitution being achieved almost exclusively at the B
position of the double bond.”’”*'”°
The same cannot be said, however, for electron-rich olefins such as enol
ethers, enamines and unsaturated alcohols. They are muchless studied, suffer from
lower reactivity and, perhaps most importantly, their reactions are not regioselective.
This lack of regioselectivity is exemplified by two well knowncatalysts that are
highly successful for reactionsof electron-deficient olefins, namely Fu’s Pd-P'Bu;'*®
and the Hermann-Beller palladacycle.'!” Scheme 1.13 shows how the regioselectivity
drops when moving from electron-deficient to electron-rich olefins.
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oO B
Pd-PtBu3) Ar
Ar—Br + Nv ——— SX UR 4+ SR
Ar
R =CO,Me 99 1
R= OBu 1 4
Ar—Br + SR
 
R = CO2Bu 99 : 1
R= OBu 5 : 4
Scheme1.13. Regioselectivity of Heck reactions with a palladacycle and Fu’s Pd-P(‘Bus)
Mechanistic rationale
Now well established is the fact that the Heck reaction can proceed via two
different mechanisms.”°”*!** The two mechanisms differ only in the nature of the
ligand that dissociates to leave a vacant coordination site for the incoming olefin,
(Scheme 1.14). The neutral pathway (B) occurs when a neutral ligand, usually a
phosphine, leaves the coordination sphere of Pd, the ionic pathway (A) occurs when
an anionic ligand (CI, Br, I, OTf) dissociates. The pioneering work of Cabri in the
early 1990’s led to the suggestion that the two different pathways are responsible for
155-157the two different products obtained in some reactions of electron-rich olefins.
The neutral and ionic pathwaysgiverise to B and a substitution respectively.
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Scheme1.14. The ionic and neutral pathways of the Heck reaction
Theoretical work from the groups of Svensson and Brownhas confirmed an
electronic basis for the selectivity.'°*"® It was believed, as recently as 2000, that
steric factors were more important than electronic.”’ Theoretical studies have also
revealed, for certain substrates, that the regioselectivity can be independent of the
pathway."8 Thecredibility of theoretical work in this area is strengthened by its
agreement with experiment. Brown and co-workers’ paper on the prediction of
regiochemistry in the Heck reaction conformsto the results obtained in experimental
studies. '**
This does raise the question of whatthe electronic effects are and why they
have such a profound effect on the selectivity. Let us first consider the different
classes of olefin under ‘neutral’ Heck conditions. Figure 1.08 shows how the
regiochemical outcome of the reaction varies greatly depending on the group
attached to the olefinic bond. For electron-deficient olefins such as acrylates,
acrylonitrile, allylic alcohols and vinylogous amides, only B substitution products are
obtained. Electron-withdrawing substituents activate the B carbon of the double
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bond. This, combined with steric effects, leads to exclusive substitution at the B
position, regardless of the pathway followed. Electron-donating substituents activate
the a- carbon of the olefin and so would be expected to preferentially undergo
substitution at this position. However, the polarisation of the double bondis not as
strong as it is in the case of electron-deficient olefins. As a consequence, when the
neutral pathway is followed, vinyl ethers, N-vinyl amides, vinyl acetates and other
electron-rich olefins generate a mixture of products.
i
YY oN >
a:B = <1:99 a:B = 40:60
Y = CO>Me,-Phetc.
Yon ROR
a:B = <1:99 R = Alkyl
mixture of isomers
Figure 1.08. Regiochemical outcome with various olefins under ‘neutral’ Heck conditions
If we now consider the same substrates under ‘ionic’ Heck conditions the
results are considerably different for electron-rich olefins. Electron-rich olefins are
excellent o-donors, this gives them a high affinity for the highly electrophilic Pd-
centre generated upon dissociation of an ionic ligand.'°! This affinity explains why,
under ionic conditions, electron-rich olefins are more reactive than their electron-
deficient counterparts. Once coordinated,the polarisation of the C-C double bondis
increased and the a-carbon is activated to a greater extent than in the neutral case.
This is exaggerated further by the fact that they are poor acceptors of m-electrons.
With the increased a-activation comes an increased tendency for migratory insertion
to occur onto the a-position (Figure 1.09.).
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YY YN
a:B = <1:99 a:B = >99:1
R = CO2Me,-Phetc.
Lon YOR
a:B = >99:1 R= Alkyl
a:B = >99:1
Figure 1.09. Regiochemical outcome with various olefins under‘ionic’ Heck conditions
Practical proceduresfor promoting the ionic pathway
Both experimental and theoretical evidence suggest that the ionic pathway of
the Heck reaction results in a-substitution in the Heck reaction of electron-rich
olefins. It is, therefore, necessary to adjust conditions in order to promote this
pathway to obtain regioselectivities that are synthetically useful. Several methods
currently employedto achieve this are described below.
Use oflabile counterions
The early work of Hallberg demonstrated that by using labile counterions
(e.g. -OTf) the regioselectivity in the arylation of butyl vinyl ether was changed to
be in favour of the a position (scheme 1.15),1071% These results agree with the need
to generate a cationic palladium species prior to migratory insertion as a more facile
dissociation ofOTf compared to I, Bror CIwill drive the equilibrium to the right.
There are, however, several problems with using triflates as aryl/vinylating agents.
They are not generally commercially available, can be expensive and thermally
labile! This has inspired other groups to develop alternatives to triflates.
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Mesylates (-OMs) and tosylates (-OTs) have both been utilized as effective
replacements for the problematic triflates.'°°
Ar XVEDG Ar
Ph2P-Pd-OTf ——————=—| Ph; P-Pd— lL -OTf
Phy Ph, EDG
Scheme 1.15. Formation ofcationic palladium via dissociationoftriflate
Bidentate Ligands
Following his original report in 1990'°’ Cabri explicitly demonstrated the
ability of bidentate ligands such as bis-1,3-(diphenylphosphino)propane (dppp) to
direct the Heck reaction of electron-rich olefins such as butyl vinyl ether (BVE) in
favour of a substitution.°!°*'*'!°” Hence, in the arylation of BVE by 1-napthyl
triflate the a:B ratio increased from ca 60:40 when no ligand or PPh3 was used, to
>99:1 when the chelating bisphosphine dppp was employed (scheme 1.16).
Interestingly, in this example the regioselectivity is unaffected by a changein solvent
and the regioselectivity remains at >99:1 in dioxane and toluene. Chelating bidentate
phosphines are now chosen as a matter of routine whena selectivity is required.
OBuOTt SX LOBu ZA
+ SSOBu Pd-Ligand
DMF
Ligand a B
None 54 46
PPh3 63 37
dppp >99 1
Scheme1.16. Ligand effects on regioselectivity of butyl vinyl ether arylation
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Although dppp is the ligand of choice for the reactions under question, Xiao
et al. have shown in experimental andtheoretical studies that subtle differences in the
ligands can have significant effect on the rate and regioselectivity of the reaction
whenusing aryl halides. In commonsolvents the use of a Pd-dppp catalyst leads to a
mixture of products. Hence,in the arylation of BVE by 4-bromobenzaldehyde an a:B
ratio of 86:14 was obtained using Pd-dppp in DMSO. Switchingto the structurally
very similar meso-2,4-bis(diphenylphosphino)pentane (mBDPP) increased the ratio
to >99:1 under similar conditions (Scheme 1.17).'%
a B
Br OBu rT BuO BuO
IY + = ae —= + an; \—CHO
OHC
Ligand a:BOHC PhaP._~_LPPh 86:14
mePPh2 >99:1
Scheme 1.17. DPPP vs. mBDPPforarylation ofelectron-rich olefins
Recently, the same group have shownthat electron-withdrawing groups on
the aryl rings of the ligands can accelerate the arylation of a variety of electron-rich
olefins (Figure 1.10).'© It was postulated that this is due to a lowering of the energy
barrier to migratory insertion, the step widely believed to be rate limiting. DFT
calculations revealed these ligands do indeed lower the insertion barrier and the
conversion is correlated with the calculated activation energy. This lowering of the
activation energy wastentatively attributed to easier rotation of the olefin to the
required in-planeorientation andincreased electrophilicity of the Pd-centre.
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Figure 1.10. Conversion vs. electronic properties of dppp based ligands
Halide Scavengers
Another tactic used to promote the ionic pathway is the addition of halide
scavengers to the reaction mixture. The addition of silver (I) and thallium (1)
containing salts such as TIOAc to reactions where aryl halides were employed
allowed for regioselectivities of >99:1 to be achieved.'”"'”! This is presumably
because the presence of these ions encourages dissociation of the halide ligand and
hence generation of the required cationic Pd-species. There are, however, problems
associated with the addition of such salts to these reactions. For the additives to be
effective they must be used in at least stoichiometric quantities. Using large
quantities of toxic thallium or expensivesilver renders the use of these additives on a
large scale implausible.
37
Chapter 1. Introduction
Tonic Liquids
Ionic liquids have received a lot of attention in recent years for a variety of
applications.'’”'’* Comprising entirely of ions these room temperature, molten salts
can stabilise any ions or extremes of charge generated during the course of a
reaction. For this reason it was suggested by Xiao that, if employed as solvents, the
ionic environment could promote the ionic pathway and hencehighly regioselective
arylation of electron-rich olefins. This was indeed the case and ionic liquids such as
[Bmim][BF,4] (scheme 1.18) afforded regioselectivities of up to >99:1 for the
arylation of a variety of electron-rich olefins. Enol ethers, enamides, unsaturated
silanes, and unsaturated alcohols could all be arylated with excellent
regioselectivities in good to excellent isolated yields.'°*'7"!?!8* Worthy of special
note is that activated aryl chlorides could, for the first time, be utilised for the
arylation of electron-rich olefins, albeit at elevated temperature and in moderate
yields.
EDG EDG
+ Arw—/
a:B up to >99:1
 
Ar = Aryl, Heteroaryl
EDG = -OR, -NRCOR’, -(CH2),SiR3, (CH2),OH
Scheme 1.18. Ionic liquids as solvents for Heck reactions of ionic liquids
H-Bond Donors
Xiao and co-workers also found that the addition of H-bond donating
ammonium salts such as [HNEt3][BF4] and [H2NiPr2][BF4] had a beneficial effect on
the reaction under question in both conventional and ionic media.'** In ionic liquids
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rate accelerations of up to 12 times were observed. For conventional solvents such as
DMF, both the rate and selectivity were increased. In the presence of 1.5 eq
[HNEt;][BF4] almost exclusive a selectivity was obtained in the reaction ofaryl
bromides in DMF,previously only possible with the addition of Ag or TI salts. The
ammonium additives provide a cheaper andless toxic alternative to their metallic
counterparts. It is suggested that the additives encouragedissociation of the bromide
from the palladium by H-bonding interactions, thus promoting the ionic pathway
(Scheme 1.16).
R_+
Pd | “Br-------H-*NEtvPde +. ——_—_—*
Ar R ot r
 
Scheme 1.19. Generation of cationic palladium promoted by H-bond donors
Alcoholsolvents
Following on from the success of H-bond donatingsalts, the use of alcohol
solvents such as ethylene glycol provided one of the best systems for the arylation of
electron-rich olefins.'*’ Given the success of added H-bond donors, the highly H-
bonding environmentprovidedby the alcohols would be expected to provide fast and
regioselective reactions. Figure 1.20 shows howthearylation of the benchmark butyl
vinyl ether can be carried out in ethylene glycol at S/C >1000 achieving full
conversion in <0.5 h. As with the ammonium salt additives it is thought the H-
bonding facilitates dissociation of bromide from Pd. This argumentis strengthened
by the correlation of the E7’ values (a measure of H-bondcapability) of 21 solvents
andrate of the reaction.
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Pd-dppp (0.1% Pd)Br
AT + X_OBu NEts, 145
°C, 0.5h \OBU 4 0
HO.”J a
a:B = >99:1, 72%
Scheme 1.20. Regioselective Heck reaction in ethylene glycol
1.8 Aimsof the thesis
The previous sections have hopefully gone some way to show how Heck
chemistry has developed into a versatile and indispensable reaction in organic
chemistry. We have seen how it has now becomesuch large subject area that one
cannot simply study ‘the Heck reaction’. The variety of chemistry contained under
this umbrella term is plentiful and justice cannot be done to the immensediversity of
Heck chemistry in one thesis. The frontiers are being pushed all the time and what
was once thought impossible can now beachieved as a matter of routine.”
The Heck reaction of electron-rich olefins has come a long way since the
days when these substrates were considered problematic. Pioneering work in the
groups of Cabri, Hallberg, Larhed, Xiao andothers has allowed the aryl/vinylation of
electron-rich olefins to become selective and more facile. However, there still
remains scope for further expansion into new areas. This thesis aims to explore
relatively neglected or unexploited branches of the chemistry and build on the
remarkable progress made in recent years. Particular attention will be paid to
reactions of vinyl halides and tandem/one-pot procedures. Vinyl halides have
received relatively little attention when compared to aryl halides so an investigation
of these substrates reacting with electron rich olefins will be undertaken. If
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differences between aryl/vinyl halides exist it may be possible to design catalytic
systems dedicated to vinyl halides and improve the efficiency of these reactions.
Recent work in this group has shown that alcohol solvents, particularly diols, are
excellent for promoting highly regioselective and fast arylations of electron-rich
olefins. It has also been observed that exchange between products of the Heck
reaction and alcoholsolvents can occur, incorporating the sovent into the productin
the form ofcyclic ketals. We hopeto exploit these observations and develop cascade
reactions for the formation of cyclic ketals utilising cheaper reagents than those
employed in otherrelated reactions. The regioselective Heck arylation of unsaturated
alcohols is challenging and as such there are few methods that can successfully
achieve this reaction. The final chapter of this thesis aims to develop a one-pot
procedure whereby a regioselective internal Heck arylation is followed by
intramolecular hydroalkoxlation leading to substituted oxygen heterocylcles.
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Chapter 2
Regioselective Heck Vinylation of Electron-Rich Olefins
2.1 Introduction
a,b- Unsaturated ketone synthesis
The compounds produced by the reactions developed in this chapter are
primarily a,B- unsaturated ketones. They are of interest to, amongst others, the
pharmaceutical,'* food* and cosmetic” industries as end products or precursors to
desired compounds. Because of their far-reaching interest a great many methods
exist for their preparation; some of the most popular are outlined below. In cases
where appropriate the methods are exemplified by their application to the synthesis
of (E)-4-phenylbut-3-en-2-one, a compound these reactions have in common with
this work.
Possibly the most well-known method for the synthesis of a,B- unsaturated
ketones is the aldol reaction. First reported by Wurtz in 1872,° it has now become
one of the most widely used C-C bond forming reactions in organic chemistry."
Enolates generated from a carbonyl compound and a base are reacted with an
aldehyde in the key bond formingstep. The initially produced £-hydroxy ketone can
dehydrate leading to formation to the C=C double bond and the desired enone. A
typical example is shown in Scheme 2.01''. The reaction is wide ranging and
versatile but is not without problems. In compounds where there are more than one
set of enolisable protons, selectivity issues exist. A mixture of products can result
and careful control of the reaction conditions is required to favour the desired
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product. Generation of some enolates requires strong bases such as LDA, meaning
low temperatures and reagents such as BuLiare necessary.
° oo 9. 8 : HtorABase ar ae
Scheme2.01. The aldol reaction
The Wittig reaction can also be utilised for a,f-unsaturated ketone
synthesis. '~'* Phosphorus ylides react with a carbonyl compounds forming a new
C=C double bond and a phosphine oxide, the strength of the phosphorus oxygen
bond being the driving force for the reaction. The stereoselectivity can be poor and
products are often obtained as E/Z mixtures. However, conditions have been
developed that allow E-selectivity in the production of unsaturated ketones. An
example is shown in Scheme 2.02'*.
oO,
PrP pros THE Ph
0 °C-reflux, 24 h
 
Scheme2.02. The Wittig reaction for enone synthesis
Propargylic alcohols are isomers of a,f-unsaturated ketones. Catalysts have been
developed that can isomerise the alcohols to the corresponding ketones in what is
known as the Meyer-Schuster rearrangement (Scheme 2.03).'*! The reactions
involve oxidation of an alcoholto a ketone and reduction of an alkyne to an alkene.
Metals including, but not limited to, Ru’, Mo”', Pd!®, Ir? and Au”haveall been
employed in the reaction. The mechanism is dependenton the catalyst and conditions
but can generally be viewed as follows. The hydrogenis ‘borrowed’ from thestarting
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alcohol by the catalyst upon alcoholoxidation and delivered back upon reduction of
the alkyne in an intramolecular process.'* Asthe reaction is conducted in the absence
of H> over-reduction to the alkane is not a problem. The complete atom economyof
this reaction makes it particularly attractive. Homogeneous catalysts can produce
enones with excellent E/Z selectivity, generally in favour of the E isomer.’"8
OH Cat 0.— Raw
St
_ Catalysts generally E selectiveGZ R
Scheme 2.03. Isomerisation of propargylic alcohols to enones
In recent years, the hydroarylation of ynones (sometimes referred to as the
Fujiwara reaction) has become recognised as one of the most promising C-C bond
forming reactions.“*”> It involves the formal hydroarylation of an alkyne in the
prescence of a metal catalyst. Interestingly, the first catalysts developed gave very
high Z selectivity.“* Very recently catalysts based on Pt and Pd have been reported
that offer excellent £ selectivity.”> With the Pd catalyst shown in Scheme 2.04, (£)-
4-phenylbut-3-en-2-one was produced in an 87 % yield after 5 h at 80 °C reaction
with 0.1 % catalyst loading. As with the isomerisation of propargylic alcohols, atom
economyis anattractive feature ofthis reaction.
Catalyst E/ZO
Cat 7 in|“~ + Ar—H —> ype + LO Pd(OAc)z <1:99
Ht
PdBro-L >99:1On
ns 4g=N
Scheme 2.04. Hydroarylation of ynones
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An Au based catalyst was developed by Zhang and co-workers for the
reaction of propargylic acetates with electron rich arenes.”° The reaction produces
a,- unsaturated ketones and has a good scope. The reaction conditions are mild and
the yields for the compoundsreported are good to excellent. For (£)-4-phenylbut-3-
en-2-one, 2 mol% ofthe catalyst PPh;AuNHC (N-Heterocyclic carbene) allowed for
an 82% yield in 16 h at room temperature. The product was obtained with excellent
E selectivity. The reaction has also been investigated by the group of Nolan.”’
Another method for synthesis of enones is the semihydrogenation of
appropriate alkynes (Scheme2.05). In these reactions, avoiding over-reduction of the
multiple bonds to a saturated system is the main challenge. A popular tactic for
achieving this is to use a poisoned metal catalyst; the reduced activity prevents
reduction of the newly formed alkene. Lindlar’s catalyst, Pd on calcium carbonate
poisoned with lead, is perhaps most widely used for this purpose. The reactions can
be conducted under mild conditions, typically room temperature and atmospheric
pressure of H2. However, the procedure can be somewhat laborious and strict
monitoring of hydrogen uptake is required.”*”? As with other heterogeneous
hydrogenation catalysts, the products are predominantly in the Z configuration.*°
Homogeneouscatalysts have also been developedto selectively produce both Z and
E alkenes. Elsevier developed a Pd-carbenecatalyst for the transfer hydrogenation of
alkynes using an HCO2H/NEt3 azeotrope.' A range of alkynes were successfully
reduced and 4-phenylbut-3-en-2-one was obtained with a solvent dependant E
stereoselectivity of < 93:7.
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i Pd/CaCO,/P LOLb
Ee SSZe 1 atm Hp, rt
Scheme 2.05. Semihydrogenation of enones with Lindlar’s catalyst.
R
The oxidation of alcohols to ketones is one of the most fundamental
processes in organic chemistry. Oxidation of secondary allylic alcohols yields a,p-
unsaturated ketones. Pd,** Cu,and Ru? catalysts can all achieve this oxidation
with high efficiency. Morerecently, non-metal systems have been developed based
on halideor acidic catalysts with oxygen as a terminal oxidant. Liang and co-workers
introduced TEMPO/HCI/NaNO, as a mild, efficient catalytic system for the
oxidation of a variety of alcohols to aldehydes and ketones, including enones,in air
at ambient temperature (Scheme 2.06),*°
oOOH TEMPO/HCI/NaNO~ A Quant. 2/6 = 99:1Ph DCM,rt, 16h
0
1TEMPO = Cr
Scheme 2.06. Oxidation ofallylic alcohols to enones
38-40Cross-coupling reactions developed by Negishi*’ and others are another
method by which to obtain a,f-unsaturated ketones. A palladium catalyst promotes
7 4:38 “ye 39F tin®® or siliconthe coupling of vinyl halides/triflates with an organozinc
compound derived from electron-rich olefins. Lithiation of the olefin followed by
transmetalation generates the olefinic coupling partner that then reacts with an
arylpalladium species to initially produce a 1,3-diene. In the case of alkyl vinyl
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ethers the 2-alkoxy 1,3-dienes can be hydrolysed by aqueous acid to the
corresponding a,f/-unsaturated ketones.
RO Oo. X Oo +OR 1) BuLi Sor= Pd H3O 7a
2) [M] MX R' S
R'
Scheme 2.07. Pd-catalysed coupling of vinyl halide/triflates with an organometallic enol ether
The Heck arylation of unsaturated alkyl vinyl ketones produces cinnamyl
ketones. For example, in his seminal paper on the use of phase transfer agents such
as NBusClas additives for the Heck reaction, Jeffery reported the arylation of methyl
vinyl ketone (MVK) with several aryl iodides.*’ Although the reaction could be
carried out at 25 °C and the yields were excellent (97-98%), long reaction times (2-3
days) were required for Pd loadings of 1-2 % (Scheme2.08).
Ar yield (%)5 mfebscanon, 9 amU4 eq SSA. A, d sdCHs3 pF,rt, 2-3d Ar m-MeCgH,, 97
p-CICgH, 98
p-OMeCgH, 97
Scheme2.08. Jeffery conditions for the Heck arylation of MVK
The Pd-complex in scheme 2.09 developed by Najera was used for the mono-
and diarylation ofMVK in aqueousconditions.” With a Pd loading of 9 x 10° mol%
and using Cy2NMeasbase, the Heck reaction of phenyl iodide and MVKin H2O at
120 C for 22 h gave(E)-4-phenylbut-3-en-2-one in 69% yield.** A supported version
of this complex could also catalyse the reaction in aqueous conditions. An average
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yield of 88 % over two runsat 0.01% Pd loading could be obtained in 7-8 h at reflux
temperature."
cat. Cy,NMe, 120 °C 6
| 0 HO, 22hcy THRE AR as
 
Scheme2.09. Pd-oxime complex for the aqueous Heckarylation ofMVK
Supported catalysts are attractive because the ease with which they can be
recycled meansthey can be economically and environmentally more viable for large
scale processes. Many examples of supported catalysts for the Heck reaction are
available.’ Nishida and co-workers developed a Pd-S-GaAs (Scheme 2.10)
catalyst that successfully catalyses the Heck reaction between Ph-I and MVK.”With
NEt; as base in MeCNat 100 ‘C, (E)-4-phenylbut-3-en-2-one wasobtained in 76%
yield. The catalyst could be recycled for ten times and with an optimised washing
procedure, essentially no loss of catalytic activity was observed and Pd leaching was
minimal. It is noted, however, that the yields obtained with MVK weresignificantly
lowerthan those with methyl acrylate (97-100%, ten runs), a common feature when
MVKistheolefin.
{Pd}-S-GaAs, NEts, 120 °C
ICy . ay MeCN, 12h
Scheme2.10. Heck reaction of phenyl iodide and MVK with a supported Pdcatalyst
72-80 % over 10 runs
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cis,cis,cis-1,2,3,4-Tetrakis(diphenylphosphinomethyl) cyclopentane or
TEDICYP complexes of Pd (Scheme 2.11) were found by Santelli and co-workers to
be a good general catalysts for the Heck arylation of enones with aryl bromides.°'*
Aryl bromideshadnot been usedin a general fashion for these reactionsprior to the
introduction of this ligand, an overwhelming majority of the literarure focussed on
aryl iodides.*1“°°?“”? Tn DMF,a rangeof (E)-1-aryl alk-1-en-3-ones were produced
in moderate to good yields with Pd loadings as low as 0.001 mol%. Reaction times
were generally 20 h at 110 °C. Other more commonligands such as PPh; were found
to be less effective for demanding substrates such as 9-bromoanthracene and did not
allow catalyst loadings as low as those achieved with TEDICYP. Hydroquinone was
added as a stabiliser for the vinyl ketones in 8 mol%. The author points out that
commercially available MVKis stabilised with the same additive and yields and
catalyst loadings were improvedin its presence.It is, therefore, likely that the lower
yields generally obtained with alkyl vinyl ketones are due to the instability of the
alkene underthe reaction conditions.
[CIPd(C3Hs)]o/TEDICYP 1:2 (0.1% Pd) oj
 
oO NaOAc4 e 9q, Hydroquinone (8 %)
Br — N2 NY =Ar + AR DMF, 110 °C, 20h np
R= Me,Et, Pr 37-95% (isolated)
PhP PPh2
TEDICYP = ph,p PPh,
 
Scheme 2.11. TEDICYPas a ligand for the Pd-catalysed arylation ofMVK with aryl bromides
The Heckreaction on aryl vinyl ketones has also been developed and used in
the preparation of chalcones and flavanoids, two important classes of naturally
occurring compounds.® A Heck reaction ofsubstituted arylvinyl ketones with aryl
iodides was carried out under typical conditions to obtain the coupling product in
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yields approaching quantitative. Subsequent steps converted the resulting chalcones
into the desired flavanoids. An example is shown in Scheme2.12.
° OMe 1 i”CL AD _Pd(OAc)z2%,PPh3 5% woe. 95%+ | NEts, MeCN, 85 °C CS (>MeO OMe OMe MeO OMe OMe
EtSNa, DMF
A
MeO. OMe
MeO 6 O @
O
Scheme 2.12. Heck reaction of aryl vinyl ketones for Chalcone and Flavanoid synthesis
Apart from the conventional Heck coupling of aryl/vinyl halides, there is also
the oxidative Heck reaction that utilises boronic acids as aryl/vinylating agents.
Because the end of the Heckcatalytic cycle releases Pd(0) and these reactions require
Pd(II), either stoichiometric Pd must be used orcatalytic Pd in conjunction with a
stoichiometric oxidant. Cu(II) was used as an oxidant by Kosugi and co-workers for
the Heck reaction of MVK with phenylboronic acid. A 4 reaction in the presence of
5% Pd gave the cinnamylketone product in 82% yield with >99% stereoselectivity
for the E alkene.’? However, recent work from the Xiao group has shownthat the
oxidative Heckreaction can take place without external oxidants.“
30H) 6 Pd(OAc)z,Cu(!l) 6
2 LiOAc, DMFCO SNorgan
>99% E
Scheme 2.13. Oxidative Heck reaction to produce cinnamyl ketone
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Heck reaction ofvinyl halides and derivatives
The Pd/TEDICYPcatalyst developed by Santelli and co-workers was able to
catalyse the reaction between f-bromostyrene and a range of electron-deficient
olefins (Scheme 2.14).’”*’° These included a few enones and catalyst loadings of
0.25-1 mol% allowed for the conjugated dieneonesto be obtained in 75-78% isolated
yields. These two papers represent rare examples of reports focusing on the Heck
vinylation of olefins.
[CIPd(C3Hs)]o/TEDICYP 1:2 (0.25-1% Pd) aO NaOAc 2 eq
S Br > AyePh7 + vA, Ph NY YY RDMF,110 °C, 20 h
 
R= Me,Et, Pr 75-79 % (isolated)PPhPhaP ? >95 % E/ETEDICYP = ph,p PPh,
 
Scheme 2.14. Pd-TEDICYPcatalyst for the vinylation of olefins with vinyl bromides
Whilst generally treated as analogousto arylation, the vinylation of electron-
rich olefins is relatively unexplored. Vinylations are usually found as additional
examples within papers primarily concerned with arylation and similar conditions are
used when applying them to the Heck reaction. For vinylation of electron-rich
olefins, only a handful of papersexist.
Early work by Hallberg et al showed that high selectivity for branched
products could be achieved in the reaction of vinyl iodides andtriflates with 3 mol%
Pd(PPh3)4 in DMSO (Scheme 2.15).”’ High a:f ratios (>20:1) were obtained for
electron-rich vinyl triflates and iodides. However, when the substrate was changed to
an electron-deficient vinyl bromide, the selectivity was reversed and / substitution
predominated.
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x Pd(PPh)3, NE 3 opeCy + OBua s ~ _OBu
>20 :
DMSO
X = OTf or |
<1
O
Br SX UOBu
Pd(PPh)3, NEt+ SSOBues +
DMSO SX LOBu
O O
1 6
Scheme 2.15. Heck vinylations of an electron-rich olefin catalysed by Pd(PPh3)4
The realisation by Cabri that bisphosphine ligands increase the a-selectivity
of arylation reactions was taken on board by those studying the vinylations.’*
These ligands have been routinely used since then to obtain the required regioisomer,
DPPP and DPPFbeing the most commonchoice. As mentioned in Chapter one, the
use oftriflates can be considered somewhat problematic. Skrydstrup and co-workers
have addressed someofthe issues associated with triflates by employing mesylates
and tosylates as vinylating agents (Scheme 2.16).*° A range ofelectron-rich olefins
reacted including enol ethers and enamides. They are cheaper and less thermally
labile than triflates, offering a significant advantage. Mesylates, however, produce
lower yields of the desired products compared to tosylates. For example, the vinyl
tosylate shown in Scheme 2.16 gave 79% isolated yield when reacted with N-vinyl
acetamide compared to 61% for the corresponding mesylate under similar conditions.
Theregioselectivity was equally high in both cases (> 19:1).
60
Chapter 2. Vinylation ofElectron-Rich Olefins
 
H Oo
x Le ee)H Pd-dppf, DIPEA ~+ NO pp + H
~ dioxane, 85 °C XY UNO
Oo Oo ~
X = OMs, OTs >19 7 4
O X = OTs, 79%‘g-O" O X = OMs, 61%\ %_-O"
Scheme 2.16. Heck vinylation of electron-rich olefins with mesylates and tosylates
Hallberg and co-workers took advantage of microwave irradiation to
drastically increase the rate of reaction between vinyl halides/triflates and electron-
rich olefins.** Reaction times were reduced to minutes rather than hours and in some
cases gavehigheryields. Where the regioselectivity was < 99:1 thermal heating was
always superior to microwave. Thus, in the reaction of the vinyl bromide from
Scheme 2.17 with BVEthe regioselectivity (a/B) dropped from 98/2 to 80/20 upon
switching from conventional to microwave heating. They also demonstrated that
hydroxyalkyl vinyl ethers could be used to obtain unsaturated cyclic ketals once they
had been vinylated. The reactions with vinyl bromides providedisolated yields of 10-
67% in 20-144 h. 2-Alkoxy 1,3-dienes or cyclic ketals were obtained from the vinyl
triflates in better yields (> 89%) in 20 h with thermal heating. It should be notedthat
from this paper, it appears that halide scavengers such as TIOAc are necessary to
obtain goodregioselectivity.
OBr Pd-dppp, NEt, O. LO
#0G4 aseTote Thermalheating: 32 %
144 h 80 °C or 7 min mW Microwave: 45 %
Scheme2.17. Cyclic ketals from a vinyl bromide with mW or conventional heating
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All of the above examples were carried out with vinyl iodides, bromides,
triflates, mesylates or tosylates. There is, however, another class of vinylating agents
that only three reports have addressed, the vinyl chlorides. Fu’s Pd-P(‘Bu)3/Cy2NMe
allowed, for the first time, the coupling of an unactivated vinyl chloride with an
olefin.** A yield of 66% was achived after 46 h at 110 C with a 3% Pd loading.
Another example employed the somewhat unusual tropanoids as vinylating agents
with a Pd(PPh3), catalyst.*° High pressure was used to promote the coupling of a
vinyl chloride with styrene in the presence of a Pd(OAc)2/PPh3/NEt; system.*’ The
yields were modest (42%), reaction times long (3 d) and pressures of 10 kbar (!)
were required for successful reaction.
Because vinyl halides have not enjoyed the sameattention as aryl halides and
related compounds we decided to investigate their reactions with electron-rich
olefins in detail. Our aim wasto see if the treatment of vinyl halides under the same
conditions as aryl halides was indeed the best course of action. Are vinyl halides
indeed analogous to aryl halides? If not, can a better catalyst be found for the
vinylation of electron-rich olefins?
2.2 Results and discussion
Asa Starting point for our study on the vinylation of electron-rich olefins, we
applied the arylation conditions developed within this group to the reaction of p-
methoxy-f-bromostyrene with n-butyl vinyl ether (BVE).**** Table 2.01 shows the
results obtained with 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF,4])
as solvent. In contrast to the analogousarylation, the Pd-dppp catalyzed vinylation
wassluggish in the ionic liquid, and addition of hydrogen bond-donatingsalts did not
have an accelerating effect on the rate (Entries 1 and 2). Entries 3 and 4 showthat
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this is also true in the molecular solvent DMSO andnosignificant effect on the rate
was observed upon addition of the ammoniumsalt.
Table 2.01. Vinylation of electron-rich olefin in ionic liquid vs DMSO“
 
Pd(OAc), __prBu
Br n daae ha A
Ar NEts Ar 1 Ar 2
Solvent, 115 °C
H30*
ak
Ar 3
Entry Solvent Additive ° t (h) Conversion (%) Selectivity®
1 [bmim][BF] None 20 40 >99:1
2 [bmim][BF,] [HNEt;][BF4] 20 33 >99:1
3 DMSO None 0.5 61 >99:1
4 DMSO [HNEt3][BF4] 0.5 66 >99:1
“Reaction conditions: p-methoxy-f-bromostyrene (1 mmol), BVE (3 mmol), Pd(OAc), (3 mol%), dppp
(6 mol%), NEt; (3 mmol) in 2 mL solvent at 115 °C; bmim = 1-"butyl-3-methylimidazolium; conversion
measured by 'H NMR.° 1.5 mmol added where appropriate. ° Molar ratio of 1:2; >99:1 assigned when 2
wasnot detected by 'H NMRand GC.
The reaction proceeded very well in DMSO,affording over 60% conversion
in just 0.5 h (entry 3). And significantly, the reaction exhibited remarkable selectivity
for the products resulting from o substitution, as no linear product could be detected
by 'H NMRor GC-MS.Again, the addition of hydrogen bond-donating salts had
negligible effect on the rate (entry 4). A solvent screen revealed that DMSO was
superior to the other common Heck solvents tested and that changing the
trialkylamine base from NEt3 did not have any beneficial effect on the rate (Table
2.02).
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Table 2.02. Screening of solvents and bases for the Heck vinylation of BVE*
 Entry Solvent Base Conversion (%)
1 DMSO NEts 61
2 DMF NEts 32
3 dioxane NEt3 15
4 toluene NEt; 18
5 DMSO NBu3 55
6 DMSO HN'Pr 50
a DMSO MeNCy2 58
“ Reaction conditions: p-methoxy-f-bromostyrene (1 mmol), BVE (3 mmol), Pd(OAc), (3 mol%),
dppp (6 mol%), Base (3 mmol) in 2 mL solvent at 115 °C; conversion measured by 'H NMR.
These results show that the a-vinylation of electron-rich olefins catalysed by Pd-
dppp can work in a common, molecular solvent with no need for any additives. By
applying the protocolused for Table 2.02 (entry 1), it was found that the reaction of
f-bromostyrene wasfinished in 4 h. The only side productof the reaction wastrace
amounts of the dimer resulting from homocoupling of the starting bromide.
Hydrolysis of 1 and subsequent purification led to the desired ketone 3 in an
excellent 96% yield.
Table 2.03 showstheresults obtained with a range of vinyl halides and electron-
rich olefins. In general, reactions featuring electron-rich bromides such as p-
methoxy-f-bromostyrene were complete in slightly shorter times. Worthy of
particular mentionis the reaction ofp-acetyl-£-bromostyrene(entry 7), 10 would be
difficult to achieve via a conventional aldol methodology. In addition to BVE, 2-
hydroxyethyl vinyl ether allowed access to cyclic ketals under identical conditions
(entries 8-10). The formation ofa protected ketone in this way couldbe potentially
useful when chemoselectivity would otherwise be troublesome. Unfortunately, ketals
bearing methoxy groups on the aromatic ring were somewhat unstable in solution
64
Chapter2. Vinylation ofElectron-Rich Olefins
and traces of the corresponding ketone were detectable by 'H NMRafter several
hours. For convenience, the 2-methoxy compoundwashydrolysed andisolated as the
ketone (entry 11).
Table 2.03. Regioselective Heck vinylation of electron-rich olefins with Pd-dppp in DMSO*
 
x Pd(OAc), O
O"Bu d , NEt +FL TU SowpsNEy Het? aAr DMSO,115 °C Ar
Entry X Product t(h) Yield Entry x Product t(h) Yield
(%) (%)
Oo [\O. ,O
1 Br SS 4 96 10° Br WN 3 82
4 12O MeO oO
SS S2 Br wr 4 91 11. Br oc 3 825 6
Oo OMe O
NN NS3 Br 3 g2 12 q 27 «663 5MeO O O
S XS4 Br 63 8% 1B a 3 24 76
OMe O MeO Oo
NN SS5 Br 7 4 7 14 Cl 5 24 (64
cl O OMe O
XS SS
6 Br 8 4 7 #15¢ «Cl 4 27 70
F oO Oo
S Et7 Br 9 5 65 16° Br 16 80
Ac ae oO 13
oO. .OS Ne npr8? Br 10 4 97 17 Br 1420 654
O. .O
go Br 4 864 —_
“1 mmolaryl bromide (1 mmol), BVE (3 mmol), Pd(OAc), (3 mol%), dppp (6 mol%), NEt; (3
mmol) in 2 mL DMSOat 115 °C. Following the coupling reaction, HCl was addedatrt. for 30
min.Isolated yields. No f-vinylation product was detected by 'H NMR.? Asin a but without
hydrolysis. © Conditions as in a but Pd(OAc), (5 mol%) and dppp (10 mol%) used. @ Conversion
measured by 'H NMR.
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Remarkably, vinyl chlorides also reacted, affording exclusively branched
products, albeit in longer reaction times. Again, these products were hydrolysed and
isolated as the ketones in goodyields (entries 12-15). To our knowledge, these are
the first examples of vinyl chlorides with an electron-rich olefin.
Another reaction that was interesting to us was that of 2-substituted vinyl
ether with a vinyl halide as this would lead to products other than methyl ketones.
However, reactions with these olefins, which are known to beless reactive, were
much slower than with BVE.”””° Thus, even with the catalyst loading increased to 5
mol%, 1-propenyl ether took 16 h to complete (entry 16). With 1-butenyl ethyl ether,
complete conversion could not be reached, even with long reaction times(entry 17).
Becausereactions of substituted vinyl ethers were sluggish, it was decided to
undertake a ligand screening. The results are shown in Table 2.04. Much to our
surprise, the regioselectivity of the reaction was unaffected by the choice ofligand;
be it monodentate or bidentate, the linear product was never detected. Only varying
amounts of the homocoupling
products were produced.’ Remarkably, the monophosphines significantly out-
performed dppp, a ligand which has been universally used in regio-controlling of the
Heck reaction of electron-rich olefins. Of the ligands tested, the bis(trifluoromethyl)-
substituted PPh; (entry 4) and the hemilabile dpppO (entry 11) gave the best results,
both affording ~95% conversion and complete selectivity for the desired products.
Across the monophosphines, the bulkier ligands seemed to offer the higher ratio of
Heck to homocoupling product. If this product is the result of a reductive
homocoupling then this difference in selectivity can be rationalised by looking at the
mechanism. After the oxidative addition the Pd(II)-vinyl species undergoes a
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disproportionation reaction to L,Pd(II)-(vinyl). and L,Pd(II)-X2 complexes. This
process will be more difficult with steric bulk around the metal centre impeding the
approachofthe complexes to one another.
Table 2.04. Ligand effects on the Heck vinylation of BVE*
 
1) Pd-Ligand
NEt;, DMSO OppBF + \nBU 115°C, 30 min arNS a py
2) H30* 3 15
Entry Ligand oy sce
1 PPh; 80 80:20
2 P(4-OMePh); 86 90:10
3 P(2-OMePh); 86 90:10
4 P[3,5-(CF3)2Ph]3 94 >99:1
5 PCy3 55 >99:1
6 dppm 37 >99:1
7 dppe 36 >99:1
8 dppp 61 >99:1
9 dppb 90 95:5
10 (2-CF3Ph)2P(CH2)3P(2-CF3Ph)2 86 >99:1
11 dpppO 95 >99:1
“ Reaction conditions: p-methoxy-f-bromostyrene (1 mmol), BVE (3 mmol),
Pd(OAc), (3 mol%), monophoshine (9%) or bisphosphine (6%), NEt3 (3 mmol) in 2
mL solvent at 115 °C
Encouraged by this success, we decided to continue the study of substituted vinyl
ethers with dpppOasligand, due to its lower cost and ease of availability compared
to the monophosphine in entry 4.”*'In sharp contrast to dppp, dpppO allowed
complete reactions of p-methoxy-f-bromostyrene with 1-propenyl and 1-butenyl
ethyl ether in 0.75 and 4 h, respectively. The results from expanding the scope ofthis
reaction are shown in Table 2.05. Good to excellent yields were obtained for a range
of vinyl bromidesin reaction times muchshorter than those possible with dppp.
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Lowering the quantity of catalyst, often based on expensivetransition metals
and ligands, is one of the main goals in making homogeneouscatalysis greener and
more economic. Hence, when we observed the high activity of Pd- dpppO in the
reaction of 2-substituted vinyl ethers, we decided to investigate if a lower catalyst
loading in the reactions of vinyl ethers would be feasible. Table 2.06 shows the
results obtained with BVE and 2-hydroxyethyl vinyl ether. Much to our delight, the
reactions at 1 mol% Pd(entries 1-8) were complete in around | h and those with 0.1
mol% Pdin 18 (entries 9-11). It was noticed that, if left stirring overnight, the yield
of the reaction ofp-methoxy-f-bromostyrene with BVE dropped from 82 to ~35%
(Table 2.03, entry 3). This indicates that the initially formed diene is unstable under
the reaction conditions, explaining the lower yields observed with BVEat 0.1 mol%
Pd loading (not shown). The ketals are seemingly much more stable under these
conditions and excellent yields were obtained for all substrates. These results
compare favourably with those shown in Table 2.03, and leave us with a highly
selective and high-yielding protocol for the synthesis of (E)-a,f-unsaturated ketones
as an alternative to other methods reported in theliterature.
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Table 2.05. Regioselective Heck vinylation of 2-substituted vinyl ethers*
1) Pd(OAc)-dpppO
 
 
NEt;, DMSO O
115°Cpreg ROE Ph~ARr
2) H30*
Entry Olefin Product h Yieldt (h) (%)
3 WwFt 17 0.75 79
5 WwWOFt 19 0.75 90
XS
4 WwFt 1 a7
MeO O
oCOMe Oo
NS
6 NOE 14 5 86
O
“1 mmolaryl bromide (1 mmol), BVE (3 mmol), Pd(OAc), (5 mol%), dppp
(10 mol%), NEt; (3 mmol) in 2 mL DMSOat 115 °C. Isolated yields given.
No 2 or homocoupling type products were detected in the crude 'H NMR.
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Table 2.06. Regioselective Heck-vinylation of electron-rich olefins at reduced catalyst loading with
 
Pd-dpppO*
YieldEntry Olefin Product t (hb) (%)
Oo
SS 41 \O"Bu oo = "
O
S 5
O
S 7 1 903 _O"Bu
OMe O
ones we 3 1 924 YU O"Bu
MeO O oO
| 925 wv0(CH2)20H
MeO [\
oO. (O
S () 1 886 0(CH2)20H
OMe/ \
oO. (O
S 151.25 82
7 Qv0(CH2)20H
Oo
1.25gSO(CH,),0H oes 10 95
O
S 4 18 95go =X0(CH2)20H
O
S 18 9310° S-0(CH2),0H °
MeO O
S 18 90
Oo ©M
“Vinyl bromide (1 mmol), Olefin (3 mmol), Pd(OAc), (1 mol%), dpppO (4
mol%), NEt; (3 mmol) in 2 mL DMSOat 115 °C. ’As a but with Pd(OAc),(0.1
mol%) and dpppO (0.4 mol%).
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Although we were pleased with the results thus far, they raised an important
question:Is the ionic pathway A orthe neutral pathway B (Scheme1.14) responsible
for the observed products? It is generally accepted that the arylation of electron-rich
olefins proceeds via a cationic mechanism (A, Scheme 1.14) and the related
vinylation is judged under the samecriteria, four of which exist in the literature to
judge the feasibility of the mechanism. In order to shed some light on the vinylation
we decided to see how the reaction behaves with respect to these criteria.
1. Bidentate ligands are required to obtain branched products when bromides
are the aryl/vinylating agent.’*** However, as revealed in the ligand
screening, not only were bidentate ligands unnecessary for regiocontrol, the
monodentate or hemilabile phosphines gave significantly faster rates. This is
surprising as the neutral pathway B would become morelikely under these
conditions.
2. The addition of halide ions to reactions in which the pathway A is thought to
dominate inhibits the catalysis.*°”°? This is particularly evident from
arylation work done in this group, where addition ofas little as 10 mol%
bromide halted the arylation of butyl vinyl ether.*’ However, Table 2.07
shows that the vinylations under question are relatively insensitive to
additional halide. Most notably the reactionstill proceeds in the presence of
200 mol% NBu,Br, albeit at a reduced rate. Although they inhibited the
catalysis to a greater degree than bromide, the reaction wasstill relatively
insensitive to chloride ions.
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Table 2.07. Effect of halide ions on the vinylation of BVE with p-methoxy-f-bromostyrene*
 NBu,Br NEt,Cl
Entry Additive? Conversion" Selectivity” Conversion Selectivity®(%) (%)
1 None 61 > 99:1 61 =99:1
yd 10 58 > 99:1 32 >99:1
3 50 44 > 99:1 12 >99:1
4 200 17 > 99:1 <5 >99:1
“Reaction conditions: p-methoxy-f-bromostyrene (1 mmol), BVE (3 mmol), Pd(OAc), (3
mol%), dppp (6 mol%), NEt;(3 mmol) in 2 mL solvent at 115 °C. ’NBu,Bror NEt,Cl.
© NBu,Br. “ Molarratio of 1:2. “NEt,Cl.
3. The use of halide scavengers or ionic media enhances the selectivity and/or
the rate of reactions where A is presumed to be the dominant
79899192101 Wre found that, contrary to arylation studies, thepathway.
vinylation was very slowin ionic liquids and negligible effect on the rate was
observedin either [bmim][BF4] or DMSO onaddition of [HNEts][BF4].
4. In a direct competition reaction between an electron-rich and an electron-
deficient olefin, such as the one shown in Scheme 2.18, an electron-rich
olefin would be more reactive when A is believed to prevail.*!” We found
this was not the case when a reaction between a vinyl bromide and equimolar
quantities of BVE and methyl acrylate was undertaken; regardless of the
ligand chosen,f-vinylation of methyl acrylate was the dominantreaction.
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Oo 1) Pd(OAc)z-L Oo oO
Br : 115°C, AWNPhe yg QUONBU ome 2)O an pS oe + PrN3 L=dppp >99:1
L = dpppO 89:11
Scheme2.18. Competition reaction between an electron-rich and deficientolefin
All the results presented thus far were obtained with (E)-£-bromostyrenes.
Further insight into the mechanism was gained by observations made with (Z)-f-
bromostyrenes. The commercially available £-bromostyrene contains approximately
13% cis isomer but, interestingly, our products contained >99% trans olefins in all
the reactions aforementioned. This prompted us to investigate the reactions of the cis
isomer. Using the same conditions as those shown in Table 2.03 (entry 3), (Z)-p-
methoxy-f-bromostyrene was reacted with BVE. Even with a starting material with
an Z:E ratio of >19:1, the E isomer was obtained exclusively according to NMR.
This selectivity for the trans product may be attributed to a Pd-catalysed
isomerisation during/after oxidative addition (vide infra).'” In support of this
proposition, no change in the cis:trans ratio of the free vinyl halide was observed
whenthe starting material was subjected to the coupling reaction conditions in the
absence ofolefin.
The kinetic profiles of the two starting isomers reacting with BVE are shown in
Figure 2.01, revealing insignificant difference between them in rates. Amatore and
Jutand showedthat cis vinyl bromides are significantly slower at oxidative addition
than their trans counterparts. °° Hence, the similarity in rates appears to rule out
oxidative addition as rate determining in the Heck vinylation. Further evidence for
this is the faster reactions of vinyl bromides with electron-donating groups on the
aryl ring. If oxidative addition were rate limiting these compounds would be
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expected to react slower. As with arylation reactions, the vinylation under question
mayberate limited by the migratory insertion.””!™
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Figure 2.1. Reaction profiles of cis/trans p-methoxy-f-
bromostyrene reacting with BVE in DMSO. m trans; A
cis. Reaction conditions: 1 mmol bromide, 3 mmol
BVE,3 mol% Pd(OAc),, 6 mol% dppp, 3 mmol NEt; in
DMSOat 115 °C.
The combination of all the pieces of evidence presented above leads us to
believe that the regioselective internal vinylation of electron-rich olefins is more
likely to proceed via the neutral pathway B. Hence, a modified mechanism for the
reaction is proposed and shown in Scheme 2.19. Oxidative addition of the vinyl
halide to a Pd(0) leads to an n° vinyl species. It is proposed that this proceeds via
dissociation of a neutral ligand and 1’ coordination ofthe vinyl ligand. The incoming
olefin then displaces the y” vinyl group, rendering it n| coordinating. Regardless of
the geometry of the starting vinyl halide, the change in the coordination mode is
expected to lead to a morestable transpalladated olefin and thus the trans selectivity
observed above.’ The usual process of insertion, f-hydride elimination and
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reductive elimination of HX then follows, regenerating the active Pd(0) catalyst and
completing the catalytic cycle.
Scheme2.19. Proposed neutral pathway for the Heck vinylation of electron-rich olefins
A Ar;
Hine — LSo PKS ArL. L. 4P90) Pda
Xx R
Base.HX by =/
Base
L. Xx i. Ae
Pd PdUv Xx YR
Ss L. ob mw AL
DFT calculations by Deeth and Brown have shownthat for a vinyl group
migrating to a vinyl ether, a-substitution is preferred even for a neutral Pd species.'”
The calculations with a monodentate phosphine show a energy difference for the
linear/branched transition states of 6 kJ mol', corresponding to a 60:40 product
distribution in favour of the branched alkene. Although somewhat more pronounced
in our case, this bias is in agreement with our experimental findings. We note,
however, the work of Amatore and Jutand, who showed that cationic
[Pd(dppp)Ar(solvent)]” is more reactive towards olefins than the analogous
[Pd(dppp)(Ar)X].'°* They have also recently demonstrated that, for arylation in
DMF, the insertion step always proceeds in an ionic fashion i.e. from
[ArPd(dppp)(DMF)]*.'°° Whetheror notthis is the case for the vinylation in DMSO
remainsto be investigated.
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2.3 Conclusions and Future Work
In summary, a highly efficient protocol for the Pd-catalysed regioselective
Heck vinylation of electron-rich olefins has been developed. Initially a Pd-dppp
catalyst allowed for the reaction of vinyl bromides and chlorides with BVEtoyield,
after hydrolysis, (E)-4-aryl-but-3-en-2-ones in good to excellent yields (up to 97%).
Hydroxyalkyl vinyl ethers also reacted to yield the unsaturated ketals, also in
excellent yields. We have also demonstrated the first examples of vinyl chlorides
reacting with electron rich olefins. Because of the lower reactivity of 2-substituted
vinyl ethers a ligand screening was undertaken and revealed that, contrary to
arylation, monodentate and hemilabile phosphines were beneficial. Expedient
reactions of less reactive olefins were achieved with the new catalyst system and
reactions with terminal olefins were able to complete with just 0.1% Pd loading.
A mechanistic investigation was prompted by the remarkable selectivity
exhibited by the vinyl halides studied. Evidence gathered from halide inhibition,
ligand studies, ionic liquid reactions and a competition reaction suggests that the
vinylation proceeds via a different mechanism to that of the related arylation.It is
likely that the neutral pathway is in operation and responsible for a substitution.
However, the ionic pathway cannot be ruled out, particularly when dppp is the
ligand. Together with the results obtained from the study of cis/trans vinyl bromides,
we have used this evidence to suggest a new mechanism for the Heck vinylation of
electron-rich olefins that includes an isomerisation of the starting alkene to yield
exclusive trans products.
It is clear from this work that there is a fundamental difference in the
arylation and vinylation of electron rich olefins using a palladium catalyst. Future
work would attempt to discover the origin of this difference through experimental
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and theoretical studies. Stoichiometric NMRstudies and DFTcalculationsare likely
to be mostuseful.
The initial products of these reactions are dienes, substrates commonly
employed in cycloaddition reactions. By coupling the reaction developed here with
cycloaddition reactions such as Diels-Alder in one-pot procedures, high levels of
molecular complexity could be built up in simple procedures from readily available
starting materials. The hydrolysis products, a,f- unsaturated ketones are also
extremely useful starting materials for a variety of reactions (vide supra) and could
also be incorporated into one-pot procedures.
2.4 Experimental
Materials. All reactions were carried out under a nitrogen atmosphere.
Chromatographic purifications were performed onsilica gel (mesh 230-400) by the
flash technique. 1-Butyl-3-methylimidizolium tetrafluoroborate ([bmim][BF4]) was
prepared accordingto theliterature method.' Following vacuum-dryingat 80 °C for 8
h, the ionic liquid was stored under nitrogen at ambient temperature.
Triethylammonium tetrafluoroborate ([HNEt3][BF4]) was prepared according to the
literature method.” DMSO wasstored over 4 A molecular sieves. Pd(OAc)2, dppp,
butyl vinyl ether (BVE), 1-propenyl and 1-butenyl ethyl ether, 2-hydroxy ethyl vinyl
ether, methyl acrylate, triethylamine and B-bromostyrene were purchased from
commercial sources and used as received. Cis* and trans* vinyl bromides were
synthesised according to literature procedure, as was dpppO.° 'H and 8C NMR
spectra were recorded at 400 ('H), 100 (3C) MHzin ppm with reference to TMSas
an internal standard in CDCI; (unless otherwise stated). Mass spectra were obtained
by chemical ionization (CI) unless otherwise stated. All compounds were
characterised by 'W and °C NMR, MS, HRMSand, where possible, elemental
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analysis. Data was compared to literature values where this information was
available.
General procedure for the Heck vinylation of terminal vinyl ethers with a Pd-
dppp catalyst. An oven-dried, two-necked round-bottom flask containing a stir bar
was charged with Pd(OAc), (0.03 mmol, 7 mg), dppp (0.06 mmol, 25 mg), f-
bromostyrene (1 mmol, 183 mg, 0.12 ml) and 2 mL DMSO.Following degassing
three times, BVE (3 mmol, 301 mg, 0.36 mL) and NEt; (3 mmol, 303 mg, 0.4 mL)
were injected sequentially. The flask was placed in a parallel reactor at 115 °C and
stirred for an appropriate time. After cooling to room temperature, a small sample
was taken for NMRanalysis. 10 mL 10% HCl was then added (except when 2-
hydroxy ethyl vinyl ether was used) and the solution extracted with 3x15 mL DCM.
The combined organic layers were washed to neutrality with H2O, dried over
MgSOu,, filtered and concentrated in vacuo. The a,f-unsaturated methyl ketone
product(or cyclic ketal) was isolated from the crude mixture by chromatography on
silica gel using ethyl acetate and hexane (1/99 to 10/90) as eluent.
General procedure for the Heck vinylation of 2-substituted vinyl ethers using a
Pd-dpppOcatalyst. An oven-dried, two-necked round-bottom flask containing stir
bar was charged with Pd(OAc), (0.03 mmol, 7 mg), dpppO (0.1 mmol, 52 mg), f-
bromostyrene (1 mmol, 183 mg, 0.12 mL) and 2 mL DMSO. Following degassing
three times, NEt3 (3 mmol, 303 mg, 0.4 mL) wasinjected and the flask was placed in
a parallel reactor at 115 °C. After 3-4 min, 1-propenyl ethyl ether (3 mmol, 258 mg,
0.33 mL) was injected and the mixture wasstirred for an appropriate time. After
cooling to room temperature, a small sample was taken for NMRanalysis. 10 mL
10% HCl was then added and the solution extracted with 3x15 mL DCM. The
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combined organic layers were washed to neutrality with HO, dried over MgSOg,
filtered and concentrated in vacuo. The af-unsaturated methyl ketone product was
isolated from the crude mixture by chromatography onsilica gel using ethyl acetate
and hexane(1/99 to 5/95) as eluent.
General procedure for the Heck vinylation of terminal olefins at low catalyst
loadings with Pd-dpppO. An oven-dried, two-necked round-bottom flask
containing a stir bar was charged with Pd(OAc), (0.01 mmol, 2 mg), dpppO (0.04
mmol, 9 mg), B-bromostyrene (1 mmol, 183 mg, 0.12 mL) and 2 mL DMSO.
Following degassing three times the mixture wasstirred at room temperature until a
bright yellow colour developed (5-10 min). BVE (3 mmol, 301 mg, 0.36 mL) and
NEt; (3 mmol, 303 mg, 0.4 mL) were injected sequentially. The flask was placed in a
parallel reactor at 115 °C andstirred for an appropriate time. The flask was removed,
cooled to room temperature and a small sample taken for NMRanalysis. 10 mL 10%
HClaq) was added (except when 2-hydroxy ethyl vinyl ether was used) and the
solution extracted with 3x15 mL DCM.The combined organic layers were washedto
neutrality with HO, dried over MgSO,,filtered and concentrated in vacuo. The a,B-
unsaturated ketone product wasisolated from the crude mixture by chromatography
onsilica gel using ethyl acetate and hexane(1/99to 5/95)as eluent.
General procedure for reactions used in the mechanistic study. An oven-dried,
two-necked round-bottom flask containing a stir bar was charged with Pd(OAc))
(0.03 mmol, 7 mg), ligand (0.06 mmol for bis-phosphines, 0.09 mmol for
monophosphines), p-methoxy-f-bromostyrene (1 mmol, 213 mg), salt additive
(where appropriate) and 2 mL DMSO.Following degassing three times, BVE (3
mmol, 301 mg, 0.36 mL) and NEt; (3 mmol, 303 mg, 0.4 mL) were injected
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sequentially. The flask was placedin a parallel reactor at 115 °C andstirred for 0.5 h.
The flask was removed, cooled rapidly to room temperature under running cold
water and 10 mL 10% HCl(aq) added immediately to stop the reaction. Following
extraction with 3x15 mL DCM the combined organic layers were concentrated in
vacuo and a sample of the crude mixture was used directly for 'H NMRanalysis to
determinethe selectivity and conversion.
Procedure for the competition reaction between butyl vinyl ether and methyl
acrylate. An oven-dried, two-necked round-bottom flask containing a stir bar was
charged with Pd(OAc)2 (0.03 mmol, 7 mg), dppp (0.06 mmol, 25 mg), /-
bromostyrene (1 mmol, 183 mg, 0.12 mL) and 2 mL DMSO.Following degassing
three times BVE (1.5 mmol, 150 mg, 0.18 mL), methyl acrylate (1.5 mmol, 129 mg,
0.13 mL) and NEt; (3 mmol, 303 mg, 0.4 mL) were injected sequentially. The flask
was placed in a parallel reactor at 115 °C andstirred for 3 h. TLC of the crude
mixture confirmed that no starting material remained and notrace of the ketone
product wasvisible. The flask was removed, cooled to room temperature and 10 mL
10% HCl(aq) added. Following extraction with 3x15 mL DCM,the combined organic
layers were concentrated in vacuo and a sample of the crude mixture was used
directly for 'H NMRanalysis.
2.5 Compoundscharacterised
N.B. For compounds where microanalysis data is not available the 'H-NMR is
provided as proof of >95 % purity in section 2.6.
(E)-4-Phenylbut-3-en-2-one.4
'H NMR (400 MHz, CDCI) 6 = 7.56-7.53 (m, 3H), 7.50 (d, J = 16.0 Hz, 1H), 7.41-
7.39 (m, 2H), 6.72 (d, J= 16.0 Hz, 1H), 2.39 (s, 3H)
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'3C NMR (100 MHz, CDCI13) 8 = 198.8, 143.9, 134.8, 131.0, 129.4, 128.7, 127.6,
28.0
HRMSCalcd for CjoH1;0 (M + H)*: 147.0810. Found: 147.0813
Anal Calcd for C;9H;90: C, 82.16; H, 6.89. Found: C, 82.18; H, 6.92
(E)-4-p-Tolylbut-3-en-2-one. 5
'H NMR (400 MHz, DMSO-d) 5 = 7.59 (d, J = 9.4 Hz, 2H), 7.56 (d, J = 16.3 Hz,
1H), 7.26 (d, J = 9.5 Hz, 2H), 6.74 (d, J = 16.3 Hz, 1H), 2.37 (s, 3H), 2.33 (s, 3H)
'3C NMR(100 MHz, DMSO-d’) & = 198.3, 144.0, 141.9, 133.6, 130.9, 129.6, 127.7,
27.8, 21.8
HRMSCalcd for C;;H;30 (M + H): 161.0967. Found: 161.0972
Anal. Caled for C1;H;20: C, 82.46; H, 7.55. Found: C, 82.31; H, 7.58
(E)-4-(4-Methoxyphenyl)but-3-en-2-one.3
1H NMR(400 MHz, CDCI) 8 = 7.49 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 16.3 Hz, 1H),
6.92 (d, J=8.7 Hz, 2H),6.61 (d, = 16.3 Hz, 1H), 3.84 (s, 3H), 2.35 (s, 3H)
3C NMR (100 MHz, CDCI3) 8 = 198.7, 162.1, 143.6, 130.4, 127.6, 125.5, 114.9,
55.8, 27.8
HRMSCalcd for C;;H)302 (M + H): 177.0916. Found: 177.0911
Anal Calcd for C1;H)202: C, 74.98; H, 6.86. Found: C, 74.72; H, 6.84
(E)-4-(2-Methoxyphenyl)but-3-en-2-one.6
'H NMR (400 MHz, CDCl) 8 = 7.88 (d, J = 16.5 Hz, 1H), 7.55-7.53 (m, 1H), 7.38-
7.34 (m, 1H), 6.99-6.91 (m, 2H), 6.75 (d, J = 16.5 Hz, 1H), 3.90 (s, 3H), 2.38 (s,
3H);
13 NMR (100 MHz, CDCl) 5 = 199.4, 158.7, 139.1, 132.1, 128.8, 128.2, 123.9,
121.3, 111.6, 55.9, 27.5
HRMSCalcd for C,;H;302 (M + H)’: 177.0916. Found: 177.0911
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Anal Calcd for C,,;H1202: C, 74.98; H, 6.86. Found: C, 74.79; H, 7.00
(E)-4-(4-Chlorophenyl)but-3-en-2-one. 7
'H NMR (400 MHz, CDCI;) 5 = 7.48 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 16.3 Hz, 1H),
7.37 (d, J= 8.4 Hz, 2H), 6.68 (d, J= 16.3 Hz, 1H), 2.37 (s, 3H)
'3C NMR (100 MHz, CDCI3) 5 = 198.4, 142.2, 136.9, 133.4, 129.8, 129.7, 128.0,
28.0HRMSCaled for CjopHioClO (M + H)*: 181.0420 Found: 181.0422
Anal Calcd for Cj9Hj9ClO: C, 66.49; H, 5.02. Found: C, 66.73; H, 5.10
(E)-4-(4-Fluorophenyl)but-3-en-2-one 8
'H NMR(400 MHz, CDCI) 5 = 7.56-7.51 (m, 2H), 7.48 (d, J = 16.3 Hz, 1H), 7.11-
7.06 (m, 2H), 6.64 (d, J = 16.3 Hz, 1H), 2.36 (s, 3H)
'3C NMR (100 MHz, CDCI;) & = 198.4, 164.5 (d,cr = 252 Hz), 142.4, 131.1 (d,
“Jcp = 3 Hz), 130.5 (d,cr=9 Hz), 127.3, 116.5 (d, “Scr = 22 Hz), 28.0
HRMSCalcd for C,;Hio0OF (M + H)": 165.0716. Found: 165.0715
Anal. Calcd for CjpHo9FO: C, 73.16; H, 5.53. Found: C, 72.84; H, 5.61
(E)-4-(4-Acetylphenyl)but-3-en-2-one. 9
'H NMR (400 MHz, CDCI) 8 = 7.91 (d, J = 8.3 Hz, 2H), 7.56 (d, J = 8.3 Hz, 2H),
7.46 (d, J = 16.3 Hz, 1H), 6.72 (d, J=16.3 Hz, 1H), 2.55 (s, 3H), 2.34 (s, 3H):
'3C (100 MHz, CDCI;) 5 = 197.3, 196.6, 140.6, 137.2, 132.0, 128.1, 127.3, 125.6,
26.8, 25.7
HRMScalcd. For C}2H)202: 188.0837 Found: 188.0842.
(E)-2-Methyl-2-styryl-1,3-dioxolane. 10
'H NMR(400 MHz, CDCI) 5 = 7.39-7.37 (m, 2H), 7.32-7.28 (m, 2H), 7.25-7.21 (m,
1H), 6.70 (d, J = 16.0 Hz, 1H), 6.15 (d, J= 16.0 Hz, 1H), 4.01-3.91 (m, 2H), 1.55 (s,
3H)
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"°C NMR (100 MHz, CDCl) § = 136.7, 130.2, 130.1, 128.8, 128.2, 127.4, 108.1,
65,1, 25.6
HRMSCalcd for C}2H;sO2 (M + H)*: 191.1072 Found: 191.1074
Anal Calcd for C12H,402: C, 75.76; H, 7.42. Found: C, 75.57; H, 7.45
(E)-2-Methyl-2-(4-methylstyryl)-1,3-dioxolane.11
'H NMR (400 MHz, CDCI;)7.27 (d, J = 8.0 Hz, 2H), 7.11 (d, J= 8.0 Hz, 2H), 6.66
(d, J = 16.1 Hz, 1H), 6.07 (d, J = 16.1 Hz, 1H), 4.00-3.95 (m, 2H), 3.95-3.91 (m,
2H), 2.32 (s, 3H), 1.54 (s, 3H)
'3C NMR (100 MHz, CDCI3) 6 = 138.1, 133.8, 129.9, 129.6, 129.1, 127.0, 108.1,
64.0, 25.6, 21.5
HRMSCaled for C;3H7O2 (M + H)*: 205.1229. Found: 205.1232
Anal Calcd for C;3H16O2: C, 76.44; H, 7.90. Found: C, 76.30; H, 7.95
(E)-2-(4-Methoxystyryl)-2-methyl-1,3-dioxolane. 12
'H NMR(400 MHz, CDCl) 8 = 7.32 (d, J = 16.1 Hz, 1H), 6.85 (d, J = 8.1 Hz, 2H),
6.63 (d, J = 8.1 Hz, 2H), 6.00 (d, J= 16.1 Hz, 1H), 4.10-4.00 (m, 2H), 4.00-3.90 (m,
2H), 3.80 (s, 3H), 1.55 (s, 3H)
'3C NMR (100 MHz, CDCI3) 5 = 159.9, 129.6, 129.4, 128.4, 114.4, 108.2, 65.0,
64.1, 55.7, 25.7
HRMSCalcd for C;}3H;703 (M + H)*: 221.1178; Found: 221.1184.
Anal Calcd for C;3H603: C, 70.89; H, 7.32. Found: C, 70.67; H, 7.34
(E)-1-Phenylpent-1-en-3-one 13
1H NMR(400 MHz, CDCIs) 8 = 7.56 (d, J = 16.1 Hz, 1H), 7.62-7.54 (m,2H), 7.39-
7.37 (m, 3H), 6.74 (d, J = 16.1 Hz, 1H), 2.69 (q, J= 7.3 Hz, 2H), 1.17 (t, J= 7.3 Hz,
3H)
'3C NMR (100 MHz, CDCl) 5 = 201.3, 142.6, 135.1, 130.7, 129.3, 128.6, 126.5,
34.4,8.6.
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HRMSCalcd for C,;H}30 (M + H): 161.0966. Found: 161.0968
(E)-1-p-tolylpent-1-en-3-one 16
'H NMR(400 MHz, CDCI;) 8 = 7.53 (d, J= 16.1 Hz, 1H), 7.44 (d, J = 8.0 Hz, 2H),
7.19 (d, J = 8.0 Hz, 2H), 6.70 (d, J= 16.1 Hz, 1H), 2.68 (q, J = 7.3 Hz, 2H), 2.37 (s,
3H), 1.17 (t, J= 7.3 Hz, 3H)
'3C NMR (100 MHz, CDCl3) & = 201.3, 142.6, 141.3, 132.3, 130.1, 128.6, 125.6,
34.3, 21.8, 8.7
HRMSCalcd for C,2H;5O0 (M + H)*: 175.1123. Found: 175.1124
(E)-1-0-tolylpent-1-en-3-one. 17
'H NMR(400 MHz, CDCI) 8 = 7.86 (d, J= 16.0 Hz, 1H), 7.57-7.56 (m, 1H), 7.29-
7.25 (m, 1H), 7.22-7.19 (m, 2H), 6.67 (d, J = 16.0 Hz, 1H), 2.69 (q, J = 7.3 Hz, 2H),
2.44 (s, 3H), 1.18 (t, J= 7.3 Hz, 3H)
'3C NMR (100 MHz, CDCI3) & = 201.2, 140.1, 138.3, 134.0, 131.2, 130.5, 127.4,
126.8, 34.8, 20.2, 8.6
HRMSCaled for Cy2H}50 (M + H)*: 175.1123. Found: 175.1127
(E)-1-(4-methoxyphenyl)pent-1-en-3-one 18
'H NMR (400 MHz, CDCl) 8 = 7.52 (d, J = 16.0 Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H),
6.91 (d, J= 8.6 Hz, 2H), 6.63 (d, J = 16.0 Hz, 1H), 3.84 (s, 3H), 2.67 (q, J= 7.4 Hz,
2H), 1.16 (t, J=7.4 Hz, 3H)
'3C NMR (100 MHz, CDCl;) 8 = 201.3, 162.0, 142.4, 130.3, 127.9, 124.3, 114.8,
55.7, 34.3, 8.8
HRMSCalcd for C}2H}502 (M + H): 191.1072. Found: 191.1078
(E)-1-(2-Methoxyphenyl)pent-1-en-3-one. 19
'H NMR (400 MHz, CDCI) 5 = 7.90 (d, J = 16.4 Hz, 1H), 7.55-7.52 (m, 1H), 7.36-
7,32 (m, 1H), 6.97-6.90 (m, 2H), 6.78 (d, J = 16.4 Hz, 1H), 3.87 (s, 3H), 2.70 (q, J=
7.3 Hz, 2H), 1.16 (t, = 7.3 Hz, 3H)
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'C NMR (100 MHz, CDCl) & = 201.9, 158.8, 137.9, 132.0, 128.8, 127.2, 124.0,
121.2, 111.6, 55.9, 33.9, 8.8
HRMSCalcd for C}2H)sO2 (M + H): 191.1072. Found: 191.1074
(E)-1-Phenylhex-1-en-3-one. 14
'H NMR(400 MHz, CDCIs) § = 7.59 (d, J = 16.2 Hz, 1H), 7.58-7.57 (m, 2H), 7.41-
7.37 (m, 3H), 6.74 (d, J = 16.2 Hz, 1H), 2.64 (t, J= 7.4 Hz, 2H), 1.81-1.65 (m, 2H),
1.97 (t, J= 7.4 Hz, 3H)
'3C NMR (100 MHz, CDCl3) & = 200.8, 142.7, 135.1, 130.7, 129.3, 128.6, 126.8,
43.2, 18.2, 14.2
HRMSCalcd for C}2H)5O (M + H)’: 175.1123. Found: 175.1121
(E)-1-(4-methoxyphenyl)hex-1-en-3-one 20
'H NMR(400 MHz, CDCI) = 7.45 (d, J = 16.2 Hz, 1H), 7.42 (d, = 8.7 Hz, 2H),
6.83 (d, J = 8.7 Hz, 2H), 6.56 (d, J = 8.7 Hz, 2H), 3.76 (s, 3H), 2.55 (t, J = 7.4 Hz,
2H), 1.66-1.60 (m, 2H), 0.90 (t, J= 7.4 Hz, 3H)
'5C NMR (100 MHz, CDCI3) § = 201.0, 161.9, 142.5, 130.3, 127.9, 124.6, 114.0,
55.8, 43.1, 18.4, 14.2
HRMSCalcd for C,3H;702 (M + H)*: 205.1229. Found: 205.1235
(E)-1-(2-methoxyphenyl)hex-1-en-3-one. 21
1H NMR(400 MHz, CDCI) 8 = 7.90 (d, J = 16.3 Hz, 1H), 7.55-7.53 (m, 1H), 7.37-
7.33 (m, 1H), 6.98-6.90 (m, 2H), 6.77 (d, J = 16.3 Hz, 1H), 3.89 (s, 3H), 2.65 (t, J =
7.4 Hz, 2H), 1.74-1.69 (m, 2H), 0.98 (t, J= 7.4 Hz, 3H)
'3C NMR (100 MHz, CDCl) 5 = 201.5, 158.8, 138.0, 132.0, 128.8, 127.5, 124.1,
121.2, 111.6, 55.9, 42.7, 18.3, 14.3
HRMSCalcd for C;}3H}7O2 (M + H): 205.1228. Found: 205.1234
85
Chapter 2. Vinylation ofElectron-Rich Olefins
2.6 ‘H-NMR spectra
(E)-4-(4-Acetylphenyl)but-3-en-2-one. 9
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(E)-1-(2-Methoxyphenyl)pent-1-en-3-one. 19
22 OrrnaarerreorneosRS SSSSSsSarSrgasSR BEHSRARNASSSRARR RRR RR RRR OOCOOHOOQP YY
 
 
(E)-1-(4-methoxyphenyl)hex-1-en-3-one 20
o-rmw MONOTNO -OooQH00 500were OOS
shAWR FHONANK FAROSOORRR Roo 2.5
66< ae < < <2.54
8
2.5
29
   
LS eeeS ee OOO ee ee ee
89
Chapter 2. Vinylation ofElectron-Rich Olefins
(E)-1-(2-methoxyphenyl)hex-1-en-3-one. 21
29. Ho
st
6 6
 
 
a al
2.7 References
(1) S. Ducki; R. Forrest; J. A. Hadfield; A. Kendall; N. J. Lawrence; A.T.
McGown;D. Rennison Bioorg Med Chem Lett 1998, 8, 1051.
(2) F. Herencia; M. L. Ferrandiz; A. Ubeda; J. N. Dominguez; J. E.
Charris; G. M. Lobo; M.J. Alcaraz Bioorg Med Chem Lett 1998,8,
1169.
(3) S. F. Nielsen; S. B. Christensen; G. Cruciani; A. Kharazmi; T.
Liljefors J. Med. Chem. 1998, 47, 4819.
(4) Food Taints and OffFlavours; 2nd ed.; M. J. Saxby, Ed.; Blackie
Academic and Professional: Glasgow, 1996.
(5) Common Fragrance and Flavour Materials; 4 ed.; K. G. Bauer, D.;
Surburg, H., Ed.; Wiley-VCH: Weinheim, 2001.
(6) C. A. Wurtz J. Prakt. Chemie. 1872, 457.
(7) Advanced Chemistry: reactions, Mechanismsandstructure; Sth ed.;
M. Smith. M. B,J., Ed.; Wiley: New York, 2001.
(8) Comprehensive Organic Functional Group TransformationsIT, C. E.
M.Foster, P. R. , Ed.; Elsevier: Oxford, UK, 2005; Vol. 3.
90
Chapter 2. Vinylation ofElectron-Rich Olefins
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
K. Aelvoet; Andrei S. Batsanov; Alexandrea J. Blatch; C. Grosjean;
Leonard G.F. Patrick; Christian A. Smethurst; A. Whiting
Angewandte Chemie International Edition 2008, 47, 768.
D. A. Evans; D. S. Welch; A. W. H. Speed; G. A. Moniz; A. Reichelt;
S. Ho J. Am. Chem. Soc. 2009, 131, 3840.
Z. H. Wang; G. D. Yin; J. Qin; M. Gao; L. P. Cao; A. X. Wu
Synthesis 2008, 3675.
C. Pardin; J. N. Pelletier; W. D. Lubell; J. W. Keillor J. Org. Chem.
2008, 73, 5766.
J. Dambacher; W. Zhao; A. El-Batta; R. Anness; C. C. Jiang; M.
Bergdahl Tetrahedron Lett. 2005, 46, 4473.
D. Simoni; M. Rossi; R. Rondanin; A. Mazzali; R. Baruchello; C.
Malagutti; M. Roberti; F. P. Invidiata Org. Lett. 2000, 2, 3765.
M.Egi; Y. Yamaguchi; N. Fujiwara; S. Akai Org. Lett. 2008, 10,
1867.
X. Y. Lu; J. G. Ji; C. Guo; W. Shen J. Organomet. Chem. 1992, 428,
259.
K. Tanaka; T. Shoji Org. Lett. 2005, 7, 3561.
K. Tanaka; T. Shoji; M. Hirano Eur. J. Org. Chem. 2007, 2687.
B. M.Trost; R. C. Livingston J. Am. Chem. Soc. 1995, 117, 9586.
V. Cadierno; P. Crochet; J. Gimeno Syn/ett 2008, 1105.
C. Y. Lorber; J. A. Osborn Tetrahedron Letters 1996, 37, 853.
D. W.Ma; X. Y. Lu Tetrahedron Lett. 1989, 30, 2109.
Y. Sugawara; W. Yamada;S. Yoshida; T. keno; T. Yamada J. Am.
Chem. Soc. 2007, 129, 12902.
C.G. Jia; D. G. Piao; J. Z. Oyamada; W.J. Lu; T. Kitamura; Y.
Fujiwara Science 2000, 287, 1992.
A. Biffis; C. Tubaro; G. Buscemi; M. Basato Adv. Synth. Catal. 2008,
350, 189.
M.Yu; G. T. Li; S. Z. Wang; L. M. Zhang Adv. Synth. Catal. 2007,
349, 871.
N. Marion; P. Carlqvist; R. Gealageas; P. de Fremont; F. Maseras;S.
P. Nolan Chem.-Eur. J. 2007, 13, 6437.
91
Chapter 2. Vinylation ofElectron-Rich Olefins
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)
(48)
H.Lindlar Helv. Chim. Acta 1952, 35, 446.
A. Molnar; A. Sarkany; M. Varga J. Mol. Catal. A-Chem. 2001, 173,
185.
M.Gruttadauria; L. F. Liotta; R. Noto; G. Deganello Tetrahedron
Lett. 2001, 42, 2015.
P. Hauwert; G. Maestri; J. W. Sprengers; M. Catellani; C. J. Elsevier
Angew. Chem.-Int. Edit. 2008, 47, 3223.
K. M. Gligorich; M. S. Sigman Angew. Chem.-Int. Edit. 2006, 45,
6612.
I. E. Marko; P. R. Giles; M. Tsukazaki; S. M. Brown; C. J. Urch
Science 1996, 274, 2044.
G. Csjernyik; A. H. Ell; L. Fadini; B. Pugin; J. E. Backvall J. Org.
Chem. 2002, 67, 1657.
I. E. Marko; P. R. Giles; M. Tsukazaki; I. Chelle-Regnaut; C. J. Urch;
S. M. Brown J. Am. Chem. Soc. 1997, 119, 12661.
X. L. Wang;R. H.Liu; Y. Jin; X. M. Liang Chem.-Eur. J. 2008, 14,
2679.
E. I. Negishi; F. T. Luo J. Org. Chem. 1983, 48, 1560.
M.Kosugi; T. Sumiya; Y. Obara; M. Suzuki; H. Sano; T. Migita Bull.
Chem. Soc. Jpn. 1987, 60, 767.
Y. Hatanaka; T. Hiyama J. Org. Chem. 1988, 53, 918.
C. E. Russell; L. S. Hegedus J. Am. Chem. Soc. 1983, 105, 943.
T. Jeffery J. Chem. Soc.-Chem. Commun. 1984, 1287.
L. Botella; C. Najera Tetrahedron Lett 2004, 45, 1833.
L. Botella; C. Najera J. Org. Chem. 2005, 70, 4360.
E. Alacid; C. Najera Synlett 2006, 2959.
B. M.Bhanage; M.Shirai; M. Arai J. Mol. Catal. A-Chem. 1999, 145,
69.
B. M. Choudary; S. Madhi; N. S. Chowdari; M. L. Kantam;B.
Sreedhar J. Am. Chem. Soc. 2002, 124, 14127.
M.L. Kantam; K. B. S. Kumar; P. Srinivas; B. Sreedhar Adv. Synth.
Catal. 2007, 349, 1141.
D. Song; W. B. YiJ. Mol. Catal. A-Chem. 2008, 280, 20.
92
Chapter 2. Vinylation ofElectron-Rich Olefins
(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
())
(63)
(64)
(66)
(67)
(68)
(69)
H. Q. Yang; X. J. Han; G. Li; Y. W. Wang Green Chem. 2009, //,
1184.
M.Arisawa; M. Hamada; I. Takamiya; M. Shimoda; S. Tsukamoto;
Y. Arakawa; A. Nishida Adv. Synth. Catal. 2006, 348, 1063.
M. Lemhadri; H. Doucet; M.Santelli Synlett 2006, 2935.
Y. Fall; H. Doucet; M. Santelli Tetrahedron 2009, 65, 489.
M.Ohff; A. Ohff; M. E. vanderBoom; D. Milstein J. Am. Chem. Soc.
1997, 719, 11687.
M.S. Anson; A. R. Mirza; L. Tonks; J. M. J. Williams Tetrahedron
Lett 1999, 40, 7147.
S. Cacchi; G. Fabrizi; F. Gasparrini; C. Villani Syn/ett 1999, 345.
S. M. Chi; J. K. Choi; E. K. Yum; D. Y. Chi Tetrahedron Lett 2000,
41,919.
H. Hagiwara; Y. Shimizu; T. Hoshi; T. Suzuki; M. Ando; K. Ohkubo;
C. Yokoyama Tetrahedron Lett 2001, 42, 4349.
N. Kuhnert; A. LeGresley J. Chem. Soc.-Perkin Trans. 1 2001, 3393.
A. Bianco; C. Cavarischia; A. Farina; M. Guiso; C. Marra
Tetrahedron Lett 2003, 44, 9107.
A. de Meijere; I. D. Kuchuk; V. V. Sokolov; T. Labahn; K. Rauch; M.
Es-Sayed; T. Kramer Eur. J. Org. Chem. 2003, 985.
A. Gillmore; C. Lauret; S. M. Roberts Tetrahedron 2003, 59, 4363.
E. Motti; G. Ippomei; S. Deledda; M. Catellani Synthesis 2003, 2671.
A. Bianco; C. Cavarischia; M. Guiso Eur. J. Org. Chem. 2004, 2894.
M.Brasholz; H. U. Reissig Synlett 2004, 2736.
(65) R.R. Cesati; J. de Armas; A. H. Hoveyda J. Am. Chem. Soc.
2004, 126, 96.
A. K. Gupta; C. H. Song; C. H. Oh Tetrahedron Lett 2004, 45, 4113.
D. Yang; Y. C. Chen; N. Y. Zhu Org. Lett. 2004, 6, 1577.
G. Pandey; P. Banerjee; R. Kumar; V. G. Puranik Org.Lett. 2005,7,
3713.
A. Arcadi; O. A. Attanasi; S. Berretta; G. Bianchi; P. Filippone
Synthesis 2006, 2523.
93
Chapter 2. Vinylation ofElectron-Rich Olefins
(70)
(71)
(72)
(73)
(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)
A. Furstner; C. Nevado; M. Tremblay; C. Chevrier; F. Teply; C.
Aissa; M. Waser Angew Chem Int Edit 2006, 45, 5837.
P. Peach; D. J. Cross; J. A. Kenny; I. Mann; I. Houson; L. Campbell;
T. Walsgrove; M. Wills Tetrahedron 2006, 62, 1864.
M. J. Climent; A. Corma; S. Iborra; M. Mifsud Adv. Synth. Catal.
2007, 349, 1949.
X. L. Du; M. Suguro; K. Hirabayashi; A. Mori; T. Nishikata; N.
Hagiwara; K. Kawata; T. Okeda; H. F. Wang; K. Fugami; M. Kosugi
Org. Lett. 2001, 3, 3313.
J. W. Ruan; X. M. Li; O. Saidi; J. L. Xiao J. Am. Chem. Soc. 2008,
130, 2424.
F. Berthiol; H. Doucet; M. Santelli Syn/ett 2003, 841.
M. Lemhadri; A. Battace; F. Berthiol; T. Zair; H. Doucet; M. Santelli
Synthesis 2008, 1142.
C. M. Andersson; A. Hallberg Journal ofOrganic Chemistry 1989,
54, 1502.
W.Cabri; I. Candiani; A. Bedeschi; S. Penco; R. Santi Journal of
Organic Chemistry 1992, 57, 1481.
W.Cabri; I. Candiani; A. Bedeschi; R. Santi Journal ofOrganic
Chemistry 1990, 55, 3654.
W.Cabri; I. Candiani; A. Bedeschi; R. Santi Journal ofOrganic
Chemistry 1992, 57, 3558.
W.Cabri; I. Candiani; A. Bedeschi; R. Santi Journal ofOrganic
Chemistry 1993, 58, 7421.
W.Cabri; I. Candiani; S. Debernardinis; F. Francalanci; S. Penco; R.
Santi Journal ofOrganic Chemistry 1991, 56, 5796.
A. L. Hansen; T. Skrydstrup Org. Lett. 2005, 7, 5585.
K. S. A. Vallin; M. Larhed; K. Johansson; A. Hallberg Journal of
Organic Chemistry 2000, 65, 4537.
A. F. Littke; G. C. Fu Journal ofthe American Chemical Society
2001, 123, 6989.
H. Horino; N. Inoue; T. Asao Tetrahedron Letters 1981, 22, 741.
K. Voigt; U. Schick; F. E. Meyer; A. Demeijere Syn/ett 1994, 189.
94
Chapter 2. Vinylation ofElectron-Rich Olefins
(88)
(89)
(90)
(92)
(93)
(94)
(95)
(96)
(97)
(98)
(99)
(100)
(101)
(102)
(103)
(104)
(105)
(106)
J. Mo; L. J. Xu; J. W. Ruan; S. F. Liu; J. L. Xiao Chemical
Communications 2006, 3591.
J. Mo; J. L. Xiao Angewandte Chemie-International Edition 2006,
45,4152.
S. F. Liu; N. Berry; N. Thomson; A. Pettman; Z. Hyder; J. Mo; J. L.
Xiao Journal ofOrganic Chemistry 2006, 71, 7467.
(91)  Z. Hyder; J. Mo; J. L. Xiao Advanced Synthesis & Catalysis
2006, 348, 1699.
J. Mo; L. J. Xu; J. L. Xiao Journal ofthe American Chemical Society
2005, 127,751.
L. J. Xu; W. P. Chen; J. Ross; J. L. Xiao Org. Lett. 2001, 3, 295.
S. F. Liu; J. L. Xiao Journal ofMolecular Catalysis a-Chemical 2007,
270, 1.
A. Battace; M. Feuerstein; M. Lemhadri; T. Zair; H. Doucet; M.
Santelli Eur. J. Org. Chem. 2007, 3122.
A.Battace; T. Zair; H. Doucet; M. Santelli Tetrahedron Lett. 2006,
47, 459.
J. Barluenga; P. Moriel; F. Aznar; C. Valdes Org. Lett. 2007, 9, 275.
V. V. Grushin J. Am. Chem. Soc. 1999, 121, 5831.
V. V. Grushin Chem. Rev. 2004, 104, 1629.
C. Amatore; A. Jutand; A. Thuilliez Organometallics 2001, 20, 3241.
W.Cabri; I. Candiani Accounts ofChemical Research 1995, 28, 2.
C. Amatore; S. Bensalem; S. Ghalem; A. Jutand Journal of
Organometallic Chemistry 2004, 689, 4642.
A. Jutand; S. Negri Organometallics 2003, 22, 4229.
C. Amatore; B. Godin; A. Jutand; F. Lemaitre Chemistry-a European
Journal 2007, 13, 2002.
R. J. Deeth; A. Smith; J. M. Brown Journalofthe American Chemical
Society 2004, 126, 7144.
C. Amatore; B. Godin; A. Jutand; F. Lemaitre Organometallics 2007,
26, 1757.
95
Chapter 3. Cyclic Ketalsfrom Regioselective Heck Reaction
Chapter3
Regioselective Heck reactions in Diols and Cascade Formation of
Cyclic Ketals
3.1 Introduction
Cyclic Ketals- Application
Cyclic ketals (or acetals) are without doubt most famous in organic chemistry
as protecting groups.’ They are easily prepared from the parent aldehyde or ketone
(vide infra), can withstand a variety of reaction conditions and are easily removed
after the desired reaction has taken place (Scheme3.01).
7 O/ \ / \ OoO O. (Oy Protect Do React ><" Deprotect JL(A) a(A) rn —_—_—___—_»
Scheme3.01. Cyclic ketals as protecting groups
Cyclic ketals also have an interesting profile of biological activity, selected
examples are shown in Figure 3.01. This makes them a valid target for synthesis as
well as a tool in the box for organic chemists wishing to protect carbonyl groups.
Until recently, cyclic ketals have mainly been investigated and applied as antifungal
agents. Ketoconazole is an antifungal agent with a variety of applications. As a
topical application it is the active ingredient in medicated shampoosfor the treatment
of seborrheic dermatitis (dandruff) and considered safe enough to be sold as a non-
prescription product.”* Asan oral medication, ketoconazolehasaninteresting role in
the treatment of patients infected with HIV. Initially administered to treat
opportunistic oral and gastrointestinal candidiasis, it was also found to have desirable
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effects on the pharmacokinetics of the anti-retroviral drugs also taken by these
patients.>” Propiconazole is sprayed on crops to prevent fungal infections
destroying them.* ° Etoxadrol is a lead compoundin the development of NMDA
receptor antagonists, potential therapeutic agents for use in Alzheimer’s disease,
Parkinson’s disease, epilepsy and other central nervous system disorders.'° B-12, a
derivative of ketoconazole, has been identified as a promising candidate for use as an
antagonist of the human pregnane X receptor.'| This receptor has been implicated in
adverse drug reactions, increased cancer cell growth and drug resistance. B-12 has
the advantage over ketoconazole of not stimulating CYP450 enzyme production and
hence reduces the chance of unpredictable adverse drug reactions.
NH
H" O_O /=NO_ (0 N. 2
MyZO N
Cl Cl
Etoxadrol Propiconazole
oO
Bw DN)OL Oe
&©) cfBol 50@Cl
Ketoconazole B-12
Figure 3.01. Cyclic ketals showing biological activity
Aside from use as protecting groups, there are a few reports on the reactivity
of the ketal ring itself. With ever more biologically relevant ketals emerging the
97
Chapter 3. Cyclic Ketalsfrom Regioselective Heck Reaction
importance of reactions elaborating cyclic ketals can only increase. Chatani and co-
workers discovered that, in the prescence of 10 mol% GaCl; at 80 °C, isocyanides
could insert into the C-O bond of 5 and 6 membered ketals.'* The reaction is
selective for monoinsertion between C and O with yields highly substrate dependant
(Scheme3.02).
re O
O Oo Ar Cat. GaCl3 O <<- + CIN ———— N-Ar 10 examples, 26-93%
R° R' Tol.85°C,12h RR
Scheme3.02.Insertion of isocyanides into cyclic ketals catalysed by GaCl;
Rosenberg and co-workers utilised a ring expansion ofcyclic ketals as a key
step to synthesise novel nucleoside phostones.’* In the presence ofthe lewis acid
SnCl,, chlorodiethyl phosphite reacts with 3,5 ketals derived from xylo-dT to
produce the seven membered phostones in 86-91% yields (Scheme 3.03).
SnCl, 0RIWPN T (EtO),PCI BON o T~—{9 aes HO=Rp RA
2
Scheme 3.03. Ring expansion ofcyclic ketals for phostone synthesis
Cyclic Ketals- Synthesis
Manycatalysts exist for the preparation of acetals/ketals from their parent
carbonyl compounds.'*”® A typical procedure for cyclic acetal/ketal synthesis
involves the reaction of a ketone (or aldehyde) with a diol in the presence of a
Brensted acid catalyst combined with removal of the stoichiometric water produced.!
Scheme 3.04 shows the ketalisation of acetophenone with ethylene glycol.
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Toluenesulfonic acid in toluene with azeotropic distillation or a drying agent makes
up a commoncatalyst system.
Oo 0. .OTsOH,toluene
+ HOTO wo + H20
Scheme 3.04. TsOH catalysed ketal formation from acetophenone and ethylene glycol
Metal halides/triflates have gained a lot of attention for this purpose and
systems comprising of Ce(OTf)3, Bi(OTf)3, LaCl; and InCl;'””’ have been reported.
They can catalyse the reaction under neutral or nearly neutral conditions and hence
are useful when acid-sensitive groups are present. A typical metal triflate catalysed
example utilising In(OTf);~° is shown in scheme 3.05.
O 0.2 mol% In(OTf)3 3 O
benzene,reflux, 8 h 99 %
OHHOW~~
Scheme3.05. In(OTf)3 catalysed formation of the cyclic ketal of acetophenone
A rare example of acetelisation under basic conditions was reported by
Mohan and co-workers who used TiCl, to form acetals and ketals in the presence of
NEt3.”° The mild and efficient protocol allowed for a variety of carbonyl compounds
to be protected. This was the first general method for protection of aldehydes and
ketones under basic conditions. Another basic protocol that has proved versatile for
cyclic acetal production is the Heck reaction ofsuitable electron-rich olefins.
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Heck reactionfor cyclic acetal/ketal synthesis
The Heck reaction of hydroxyalkyl vinyl ethers followed by cyclisation of the
resulting aryl substituted olefins yields cyclic ketals/acetals.*’*° The product
obtained is dependant on the regioselectivity of the Heck reaction (Scheme 3.06).
Hence, if arylation takes place at the a position of the olefin cyclisation affords
cyclic ketals;*" °° B substitution leads to cyclic, aldehyde-derivedacetals.” Itis,
therefore, necessary to control the regioselectivity of the Heck reaction to obtain the
desired products. Generally the same tactics are used as for reactions of other
33, 36-42 This method of ketal formation is favourable due to theelectron-rich olefins.
operational simplicity, the basic environment and tolerance to the presence of
carbonyl groups on the aryl ring. Further, it allows ketals to be synthesised from
bromides instead of just carbonyls. Examples of cyclic ketal formation via
regioselective Heck reaction are outlined below.
. [Pd]Ar~ r+ DPVon— SONon 7 AreeONon
Heck
Cyclisation
ee] TDO
Scheme3.06. Product dependency onthe regioselectivity of Heck reactions
Hallberg and Larhed demonstrated the effectiveness of a Pd-dppp system for
the a-arylation of a range of hydroxyalkyl vinyl ethers (Scheme 3.07).*’ For
electron-rich (p-OMeCg¢Hs) and electron-neutral (Ph) halides and triflates the
cyclisation went smoothly to completion underthe reaction conditions, the 5- and 7-
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membered ketals being obtained in 62-84% yield. Diethylene glycol vinyl ether was
also arylated and cyclised to the 9-membered ketal, albeit in a rather lower 33%
yield. The instability of the ketal in the presence of silica during column
chromatographyis suspected to be responsible for this loss of product. For electron-
deficient aryls, increasing the temperature to 130 °C or the addition of dry AcOH
wasnecessary for complete ring closure, presumably due to the reduced basicity of
the C-C double bondin these compounds. In cases wherearyl halides were employed
as arylating agents regioselectivity was achieved by the addition of T1OAc.** Some
years later, as an extention of their work on preparing protected indanones,”* the
same researchers utilised the regioselective Heck reaction of hydroxyalkyl vinyl
ethers for the synthesis of 3-aminoindan-1-ones.*° The three component coupling
reaction between salicylic aldehyde triflates, ethylene glycol vinyl ether and a
secondary amine was later applied to the synthesis of active HIV-1 protease
inhibitors.*°
1) Pd-dppp (1:2) 3 mol% Pd, dppp 6%
 
NEts, DMF, 80°C ANx ,Ar? + LO.-OH _» <0
2) dry AcOH or 130 °C Ar
Y = -(CHg)p-, -(CHa)3-, -(CH2)20(CH2)-
X =| or Br (add TIOAc), -OTf
Scheme3.07. Hallberg’s conditions for regioselective Heck reaction of hydroxyalkyl vinyl ethers
The ability of ionic liquids to promote regioselectivity in reactions of
electron-rich olefins with aryl bromides was applied to the synthesis of 5- and 7-
membered ketals by workers within this group.” A range of electron-rich and
electron-deficient aryl bromides reacted with ethylene glycol vinyl ether in the
presence of a Pd(OAc)2/dppp/NEts catalytic system (3/6/150 mol%) to afford the
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cyclic ketals in 63-96% yield. Complete conversion was achieved in 8-30 h at 115
°C. 7-memberedketals, showed an equally wide scope but were isolated in slightly
lower yields (61-86%) than the 5-membered analogues. The ionic liquid
[Bmim][BF4] as solvent negates the need for halide scavengers in these reactions
allowing aryl bromidesto be used as arylating agents. Particularly worthy of mention
is that the catalyst and ionic liquid [bmim][PF.] could be recycled eight times
without significant drop inisolated yield.
Pd-dppp 2.5 mol %, NEts, (rh
lonic liquid, 115 °C o."0
Are
 
ae # Son
lonic liquid = [Bmim][BF,4], [Bmim][PFg]
n=1,2
Scheme3.08. Ionic liquids as solvents for regioselective ketal formation
Another 2006 publication by this group reported the use of H-bond donating
salt additives as an alternative to halide scavengers such as TIOAcfor arylations in
molecular solvents.*? The Pd-dppp catalyst (2.5 mol% Pd), prepared in situ, afforded
cyclic ketals in 83-97 % yields in 2-4 h at 115 °C in DMF (Scheme 3.09). The
additives increased the rate of arylation of hydroxyalkyl vinyl ethers in ionic liquids
by approximately one order of magnitude.
Pd-dppp 2.5 mol%,
NEt3, 115 °C, 2-4 h ( m Oacer + SOV}on © pe
_L+JHAdditive = NBmad H
 
Fa
 
Scheme 3.09. H-Bond donorsin regioselective ketal formation
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Scheme 1.20 shows how the alcohol solvents can provide excellent
** The arylation ofregioselectivity for the arylation of electron-rich olefins.
hydroxyalkyl vinyl ethers was achieved with Pd loadings as low as 0.1% in ethylene
glycol (Scheme 3.10). The cyclic ketals were obtained in goodyields after reaction
times ofjust 30 min.
Pd-dppp 0.1 mol% O. ,OBr .NEts, 145 °C, 30 min 9
LTAg mnMeO HOTOF MeO
Scheme 3.10. Regioselective ketal formation at low catalyst loadings
The research group of Santelli used Pd in conjunction with the Tedicyp
ligand previously mentionedtoeffect the B arylation of hydroxylalkyl vinyl ethers.*
The subsequent cyclisation afforded protected aryl acetaldehydes. The B:a
regioselectivity was high (>99:1) for electron deficient substrates but dropped to as
low as 66:34for aryl bromides containg electron donating substituents. Yields of the
products were generally high and substrate to catalyst ratios up to 10 000:1 possible
for certain substrates.
Pd-Tedicyp, K7CO3, DMF 2.5 mol%
 
130 °C, 20h Oare + SOVon - SDS/C <10 000 B:a < 99:1
Scheme3.11. Santelli’s Pd-Tedicyp catalyst for B-selective arylation and arylacetaldehyde formation
Due to the importance of ketals and their increasing use in biological
applications, there is always room for new methodsof preparation, particularly those
that can take place in a selective manner. Herein we report our finding on a new,
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regioselective Heck arylation based method for the chemoselective formation of
cyclic ketals.
3.2 Results and Discussion
During our continued studies of the Heck reaction of electron-rich olefins, a
curious observation was made.If left stirring under the reaction conditions, the Pd-
catalyzed Heck coupling between 4-bromoacetophenone 1 and butyl vinyl ether
(BVE)in ethylene glycol eventually led to the corresponding cyclic ketal 2 (Scheme
3.12). This was surprising because, as discussed earlier, the use of hydroxyl vinyl
ether is usually required to obtain such products.*” *° However, simple enol ethers
are knownto react with 1,2-diols such as those in carbohydrate chemistry as a means
of protecting thelatter.*” ** This raises a question about the observation made above;
is 2 formed from a reaction of the arylated BVE with the solvent?
O. OBr
SC + XYOBu
Pd(OAc)z
1%,
dppp2%,
Cw
Ac NEt, , ethylene glycol, ag145 °C, 24h
1 3eq 3
Scheme3.12. Initial observation of the formation of 2 from 1
Given that ethylene glycol vinyl ether is somefifty times more expensive
than BVE (cheapest price per mL, Aldrich 2009), we thought the reaction in Scheme
3.12 might lead to a new method for easy ketal synthesis and therefore be worth
pursuing. We envisaged two likely pathways for the reaction, proceeding via
different intermediates with both acid-catalysed (Scheme 3.13). The first is
hydrolysis of the initially formed enol ether 3 to the diketone 4 followed by a
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classical ketalisation with the ethylene glycol solvent.’ The secondis acid-catalyzed
formation of the mixed ketal 5 by addition of the solvent, followed by an
intramolecular substitution reaction, eliminating butanol and generating 2.
O
Ac 4
H* Ht HOon
H,0
| oO. ,O
Br PST+OBuryOBu wT
1 3 ut .
HHO -BuOH
oH OBu
OL->on
Ac 5
Scheme3.13. Possible reaction pathwaysfor cyclic ketals from enol ethers
'H NMRandtlc monitoring of the reaction was undertaken in order to
identify the reaction intermediates. No trace of 4 was detected by either method,
making the hydrolysis/cyclisation pathway less likely. However, 'H NMRshowed
that 5 was produced, increased and then decreased as formation of the ketal 2 was
observed. A reaction profile is shown in Figure 3.02, showing that the Heck reaction
to give the arylated BVE3 is fast, 2 derives from 3 mostlikely via the intermediacy
of 5, and the overall reaction to give 2 appears to be limited by the cyclisation step.
The intermediates 3 and 5 were characterized by stopping the reaction before
completion.
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Figure 3.02. Composition (%) vs. time for enol ether 3
(e), mixed ketal 5 (m), cyclic ketal 2 (A) in the reaction of
1 with BVE.Reaction conditions: Pd(OAc), (0.25 mol%),
dppp (0.5 mol%), 1 (3 mmol), BVE (9 mmol), NEt; (9
mmol) in 6 mL ethylene glycol at 145 °C.
Further evidence for this pathway comes from observing the reactions of 3
and 4 with ethylene glycol in the absence of base (Scheme 3.14). Whilst complete
conversion of3 to 2 took less than ten minutes, 4 produced only a trace (tlc) of the
ketalised product under the same conditions. If the reaction were to go by the
hydrolysis-ketalisation sequence the reaction of 4 would be asfast as, if not faster
than, that of 3.
OBu HOTOF
Ac 145 °C, 10 minFull conversion
2
OHHOT og
145 °C, 10 min
Ac 4 Trace
Scheme3.14.Ketalisation of enol ether 3 vs. ketone 4 in ethylene glycol
A possible mechanism is shown in Scheme 3.15. Protonation of 3 by
[HNEt3]” or by the ethylene glycolitself generates an oxocarbenium ion'*3! >> that
undergoes nucleophillic attack by ethylene glycol, and subsequent loss of a proton
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leads to the isolable mixed ketal 5. Protonation of 5 followed by elimination of
butanol gives a new oxocarbenium, an intermediate that the current reaction has in
common with Heck/cyclisation procedures that employ hydroxyl alkyl vinyl ethers.
Neighbouring group participation assists the elimination and stabilises the tertiary
carbocation. Finally, an intramolecular nucleophillic attack by the pendant hydroxyl
function andlossof a protonrelease the final product2.
Bu +.~\_OHtoy OHoBu ut "OHO Sen" - BUOH AL -H* a
Ar OLNon Ar Ar
3 5 2
Scheme3.15. Proposed mechanism for the conversion of 3 to 2 in ethylene glycol
 
Wehavepreviously noted that the ketals undergo exchange with the ethylene
glycol solvent under the Heck reaction conditions,** a reaction likely to proceed via
oxocarbenium and mixed ketal intermediates, adding weight to our suggested
mechanism. A Spartan calculation reveals that the highest HOMO density of 3
locates at the terminal carbon of the C=C double bond. Protonation at that carbon is
therefore expected to take place easily, affording the oxocarbenium intermediate
suggested.
Before exploring the scope of the catalysis for the synthesis of ketals, we
undertook a limited screening using the coupling of 1 with BVEin ethylene glycolas
a model reaction (Scheme 3.12). The results show that the catalyst loading could be
reduced to as low as 0.1 mol%, without sacrificing yield. The temperature had to
remain high in order to keep reasonablereaction times, however. Thus, at 80 °C the
conversion to 2 was only 20% in 72 h. With these observations, we then turned our
attention to the scope of the reaction with respect to the aryl bromides used. Other
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diols were also considered, aiming to generate ketals other than dioxolanes. The
results are presented in Table 3.01.
As can be seen, 1 reacted with BVE in ethylene glycol, affording the 5-
membered ketal 2 in a good yield of 82% (entry 1). In fact, a wide range of aryl
groups can be tolerated, including electron deficient (entries 1-8), electron rich
(entries 9-13), and sterically demanding (entry 12). Heterocyclic aryl bromides also
reacted to yield the cyclic ketals in good yields (entries 14-15). Of particular interest
is that the compounds 2, 6 and 7 were obtained from aryl bromides that contain a
carbonyl group, exhibiting excellent chemoselectivity with no di-ketalised product
detected. When the solvent was changed from ethylene glycol to 1,2-propanediol, we
were pleased to see that the substituted ketal 20 was produced, interestingly with
some diastereoselectivity (60:40). An attempt to increase this selectivity by lowering
the temperature to 80 °C once the Heck reaction had finished was not successful; the
d.r. remained at 60:40 and a yield of only 22% was obtained in 72 h. Of further
interest is that when the Heck reaction was carried out in 1,3-propanediol, 6-
membered dioxanes, including carbonyl-containing ones, were produced by reacting
the appropriate aryl bromide, again in decent yields (entries 17-20). Although the
protocol developed thus far was tolerant of a range of bromides and alcohols, some
compounds were not obtainable by this method. For example, 3-chloro-1,2-
propanediol was unableto act as a solvent for the reaction; the Heck reaction did not
proceed and the starting aryl bromide was recovered. Some other alcohols also
proved problematic, 2-methyl-1,3-propanediol and glycerol being examples where
either no desired product was obtained or sluggish reactions occurred.
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Table 3.01 Heck arylation of BVE with aryl bromidesin diols leading to ketals*
 
Pd-d a-dpppAr—Br S<~OBu —————>an NEts,diol Ao
Product ila? En Product 7a : Vide? Entry mae
a 3 d
1 cw 6 "1
Ac 2 15
o> d>
2 5% «2D oe 316
Ac 6m ry0B. 0 Oo. Oo3 Co 80 13 16
Phoc 7 MeO it
( d» dh4 73 14 cr 70
OO 3 \ 18
ds d>
9 19
J» rv
06 Co 77 16 3810 Ac 20
db £37 Co 74 7 2
J a Ac 21i QO8 oO n 18 80
PhOC ”CF, 12
mi Q9 4 8619 3
MeO 13
c 23
d ey[oe rs10 uw 3 20 78
4
BVE(@Gmmol), NEt; (9 pmol), 145 °C, 24-36 h.
* Yields given are for isolated products
¢dr= 60:40 determined by 7HNMR.
Reaction conditions: Pd(OAc); (0.1 mol®), dppp (0.2 mol?s), AsBr (3 mmol).
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Enol ethers such as 2-methoxy propene react with diols to form ketals as a
meansof diol protection and the reaction is promoted by Bronsted acids, typically p-
toluene sufonic acid.*” “® This, in conjunction with our suggested acid-catalyzed
mechanism for cyclisation, led us to investigate whether we could overcome these
difficulties with an acid-catalysed cyclisation of isolated enol ethers. Hopefully this
would also allow us to produce cyclic ketals from enol ethers under mild conditions.
It was, therefore, necessary to isolate the enolethers originally produced in the Heck
reaction. As the Heck reaction was fast at 145 °C and ketal formation began shortly
afterwards, an adjustment to the conditions was necessary in order to maximise the
yield of the enol ether. Quickly we found that by dropping the reaction temperature
to 100 °C, the formation of 5 and 2 from 1 and BVE were minimal whilst the Heck
reaction remained fast. We also found that simple extraction with diethyl ether was
sufficient to remove the arylated enol ether product 3 from the ethylene glycol
without too much ofthe solvent being removed alongsideit. Following this, a rapid
column chromatography with a basified eluant allowed for isolation of 3 in 85%
yield on a multi-gram scale. This further demonstrates the versatility of the Heck
reaction ofelectron-rich olefins in this solvent, adding a new productthat is available
in excellent yield from the same reaction components, depending on the reaction
and/or work up conditions. Theresults for selected aryl bromides are shown in Table
3.02.
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Table 3.02.Isolation of arylated enol ethers from the Heckin ethylene glycol"
 Entry Product Time/h Yield”
ow
1 2 85
O 3
owwr™
Z Ph 3 90
O 25
oia
3 H 3 75
O 26
* Reaction conditions: Pd(OAc), (1 mol%), dppp (2 mol%), ArBr (25
mmol), BVE (60 mmol), NEt; (60 mmol), 100 °C.
° Yields given are for isolated products.
In ketalisation of enol ethers with diols to protect the diols, an excess of the
enol ether is usually used. As a consequence, acidic hydrolysis of the enol ether to
the corresponding ketoneis not a particularly big problem. Given the reverse ofthis
is true for the reaction under question, a protocol that minimises the hydrolysis of the
enol ether was required. A variety of acids were therefore tried using ethylene glycol
as both the ketalisation reagent and solvent. The results are shown in Table 3.03.
As can be seen, different acids produced varying levels of success in terms of
conversion and selectivity. Although full conversion could be achieved in almost
instantaneous reactions with the strong acids in entries 1-5, the isolated yields of 2
were low dueto high levels of hydrolysis to give 4, even when care was taken to dry
the diol and substrate. Acetic acid (pKa = 4.8) produced a very slow reaction, with
only trace quantities of the ketal and hydrolysis product being obtained (entry 6).
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Other weak organic acids (entries7-8) (pKa = 4.2, 3.44, respectively) were not
successful either for these reactions, giving only trace conversions to the ketal. The
enol ether remained intact and only very small amounts of the hydrolysis product
weredetectable by tlc after 10 minutes.It is believed that a mixture of low solubility
and insufficient acidity prevents these acids from successfully promoting the
reaction.
Table 3.03. Effect of various acids on ketalisation of 3°
 
O. ,O A
OBu H* +
—————-QY,diol, rt
O 3 O 2 O 4
—B
Entry Acid Time/min Conversion ye 4
1 HBF, 2 100 55 30
2 TfOH 2 100 50 25
3 HCI‘ 2 100 58 32
4 H,SO, 2 100 45 36
5 HNO; 2 100 50 34
6 CH;COOH 10 10 Trace Trace
7 PhCO,H 10 <5 - -
8 p-NO,PhCO,H 10 <5 - -
O
C Ov
9 Oo” ‘OH 2 100 74 <5
“Reaction conditions: 0.25 mmol3, 2% acid in ethylene glycol.
'Tsolated yields °4 M solution in dioxane
 
The phosphoric acid in entry 9 (pKa ~1.3)” gave a significantly better yield
for 2 than the other acids tried, whilst retaining high activity. This relatively strong
acid is easy to handle and dry, andis easily available. The acid allowed for a mild,
catalytic and high-yielding protocol for the production of 2 from 3. In addition to the
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favourable conditions, the reaction was completely selective for the enol ether and no
trace of the diketalised product was detected.
With an effective set of conditions established, we decided to expand the
scope of the reaction to include functionalised diols and other carbonyl-containing
enol ethers. The results are shown in Table 3.04. Both acetyl and benzoyl-containing
enol ethers are viable substrates, reacting with a range of diols to produce the
respective ketals. Thus, ethylene glycol, propylene glycol, 1,2-propane diol, 3-
chloro-1,2-propanediol and glycerol reacted with 3, most being complete in short
reaction times with very good yields. As aforementioned, some ofthese diols did not
enter the ketalisation underthe in situ Heck conditions.
The carbonyl group in the products can undergo further reactions, and of
particular interest is that the ketals 27, 28 and 31 provide additional sites for
functionalisation. However, when the formyl-substituted enol ether 26 was reacted
with ethylene glycol, the reaction was not selective, affording a mixture of products
in which the formyl group was alwaysacetalised.
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Table 3.04. Acid-catalysed ketalisation of enol ethers*
 
Jk 2% 2,2'-biphenyl phosphoric acid _ 6.28
Ar OBu alcohol, rt aos
Entry Product Yield” Entry Product Yield”
74 Ph
S O
nN
O
oO O
a
Ac 2
X< 2,49
2 Oo Oo 75° 7 75°Co " OAc 19 29
Cl
O. (O
3 70 3=8 717°Oo O
Ph
Ac 21 oO 30
HO
\ "<
4 OL O a) oO. .O 75°
* Reaction Conditions: 1 mmolenolether, 2 mol % phosphoric acid, alcohol, 2-60 min
° Isolated yields® d.r. = 60:40d.r. = 70:30 ° Reaction conducted in the molten diol at 60
°C
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The carbonyl group in the products can undergo further reactions, and of particular
interest is that the ketals 27, 28 and 31 provide additional sites for functionalisation.
However, when the formyl-substituted enol ether 26 was reacted with ethylene
glycol, the reaction was notselective, affording a mixture of products in which the
formyl group wasalwaysacetalised.
3.3 Conclusions and Future Work
In conclusion, we have developed a simple, chemoselective and efficient
procedure for the production of cyclic ketals from aryl bromidesvia a regioselective
Heckreaction of butyl vinyl ether in alcohol solvents. Following the Heck arylation,
ketalisation of the resulting arylated enol ether with the solvent takes place, leading
to a variety of cyclic ketals. The method negates the use of more expensive hydroxy
alkyl vinyl ethers and allows both 5- and 6-membered ketals containing sensitive
functional groups to be prepared. Evidence showsthat the reaction proceeds via a
mixed ketal intermediate and not by hydrolysis to the corresponding ketone and
subsequentketalisation. Further optimisation identified a phosphoric acid, which is
capable of catalysing the ketalisation of isolated enol ethers with problematic diols
under mild conditions. Particularly noteworthy are some of the compoundsfound in
Table 3.04, as they have a synthetic handle on the ketal ring in the form of C-Cl or —
OH bonds. Their similarity to intermediates in the synthesis of B-12 highlights that
this method is a viable alternative for the synthesis of bioactive ketals, particularly
when chemoselectivity is a concern.
Future work would be to develop the reaction so that the problematic alcohols
could be used for ketalisation in a one-pot procedure. This could be achieved either
by exploiting the exchange observed between solvent and cyclic ketal or by finding
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conditions that allow the Heck reactionto take place in these alcohols as solvent. The
substrate scope could be extended to include real synthetic examples on more
advanced intermediates. Also, examples of aryl bromides containing acid-labile
groups such as Boc-protected nitrogen groups would demonstrate the usefulness of
the basic environment.
The stable yet reactive nature of the enol-ethers produced by the Heck
reaction ofelectron-rich olefins has not yet been fully exploited. As yet, only oxygen
nucleophiles have been employedin one-pot transformations. Extending the range of
nucleophiles to add to the oxocarbenium ions generated upon protonation of the
enol-ether would open up a plethora of compoundsavailable from this chemistry.
3.4 Experimental
Preparation of catalyst stock solution
An oven-dried, two-necked round bottom flask was charged with Pd(OAc)2
(7 mg, 0.03 mmol), dppp (25 mg, 0.06 mmol) and 10 mL ethylene glycol. The flask
was evacuated and back-filled with N> for three times and the solution stirred at
room temperature for 3 h, at which time a homogeneous,bright yellow solution was
obtained. The stock solution was kept under a slight pressure of N2 and used
immediately.
General procedure for the Heck reaction of aryl bromides with BVE in alcohol
solvents to form aryl substituted cyclic ketals
An oven-dried Schlenk tube was charged with 4-bromoacetophenone 1 (597
mg, 3 mmol) and ethylene glycol (5 mL). The flask was evacuated and backfilled
with nitrogen for three times. NEt; (1.2 mL, 9 mmol) and | mL of the Pd-dppp stock
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solution (0.003 mmol, 0.1 mol% Pd) were added via a syringe andthe tube placed in
a parallel reactor (block temperature 145 °C). The mixture was vigorously stirred for
2-3 mins after which time BVE (1.1 mL, 9 mmol) was injected and the reaction
monitored by tle until no trace of 1 or 5 remained. The flask was cooled to room
temperature and water (30 mL) was added. The aqueous layer was then extracted
with Et,O (3 x 20 mL) and the combined organic layers washed with HO (20 mL).
The solvent was removed in vacuo and the crude residue purified by flash
chromatography onsilica gel (hexanes-ethyl acetate, 95:5) to give 1-(4-(2-methyl-
1,3-dioxolan-2-yl)phenyl)ethanone 2 in 82% yield.
General procedure for the Heck reaction of aryl bromides with BVEin alcohol
solvents to form aryl substituted enol ethers
An ovendried, two-necked round bottom flask fitted with a reflux condenser
was charged with Pd(OAc), (56 mg, 0.25 mmol), dppp (205 mg, 0.50 mmmol), 4-
bromoacetophenone (5.05 g, 25 mmol) and 40 mL ethylene glycol. The flask was
evacuated and backfilled with nitrogen for three times and NEt; (9.6 mL, 75 mmol)
was added via a syringe. The flask was addedto an oil bath at 100 °C andstirred
vigorously for 3-4 minsuntil a bright yellow colour developed, at which point BVE
(8 mL, 75 mmol) was added via a syringe. After an appropriate time (1-3 h), the
reaction was cooled and the crude reaction mixture was extracted with Et,O (3 x 100
mL). The combined extracts were concentrated in vacuo and the crude residue was
purified by flash chromatography (hexanes-EtOAc-NEts, 98:1:1) to give 4.63 g 1-(4-
(1-butoxyvinyl)phenyl)ethanone (85%).
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General procedurefor the acid-catalysed conversion of enol ethers to cyclic
ketals in alcoholsolvents.
An oven-dried, two-necked round bottom flask was charged with 3 (218 mg,
1 mmol), phosphoric acid (2 mg, 0.02 mmol) and ethylene glycol (2 mL). The flask
was sealed andstirred for an appropriate time until consumption of the starting
material was confirmed bytlc. NEt; (0.1 mL, | mmol) was added and the mixture
extracted with Et.O (3 x 15 mL), and rinsed with H2O (2 x 10 mL). The combined
organic extracts were concentrated in vacuo andthe resulting crude residue purified
by flash chromatography (Hexanes-EtOAc, 97:3) to give 152 mg of 2 (74%).
3.5 Compoundscharacterised
1-(4-(2-Methyl-1,3-dioxolan-2-yl)phenyl)ethanone 2
'H NMR(400 MHz, CDCI): 5 = 7.94 (d, J = 8.4 Hz, 2 H), 7.58 (d, J= 8.4 Hz, 2 H),
4.10-4.01 (m, 2 H), 3.81-3.75 (m, 2 H), 2.61 (s, 3 H), 1.66 (s, 3 H).
'5C NMR (100 MHz, CDCls): 8 = 198.2, 148.9, 137.1, 128.8, 126.0, 108.9, 64.98,
27.8, 27.1.
HRMS- EI: m/z [M + Hy" Calcd for C}2H)503: 207.1021; found: 207.1026.
Anal Calcd for C}2H,403: C, 69.88; H, 6.84. Found: C, 70.20; H, 6.87.
1-(4-(1-Butoxyvinyl)phenyl)ethanone 3
'H NMR (400 MHz, CDCI): 5 = 7.91(d, J = 8.8 Hz, 2 H), 7.70 (d, J = 8.8 Hz, 2 H),
4.76 (d, J = 2.8 Hz, 1 H), 4.76 (d, J= 2.8 Hz, 1 H), 3.86 (t, J = 6.4, Hz, 2 H), 1.90-
1.73 (m, 2 H), 2.59 (s, 3 H) 1.65-1.46 (m,2 H), 0.99 (t, J= 7.6 Hz, 3 H).
'3C NMR (100 MHz, CDCl); 8 = 198.1, 159.2, 141.4, 137.1, 128.6, 125.7, 84.6,
68.1, 31.5, 27.1, 19.8, 14.1.
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1-(4-(1-Butoxy-1-(2-hydroxyethoxy)ethyl)phenyl)ethanone 5
'H NMR(400 MHz, CDCI;): 8 = 7.95 (d, J = 8.4 Hz, 2 H), 7.61 (d, J = 8.4 Hz, 2 H),
3.82-3.74 (m, 2 H), 3.59-3.52 (m, 1 H), 3.52-3.44 (m, 1 H), 3.44-3.36 (m, 1H), 3.35-
3.29 (m, 1 H), 2.61 (s, 3 H), 1.69-1.55 (m, 2 H), 1.59 (s, 3 H), 1.47-1.36 (m, 2 H),
0.94 (t, J = 7.6 Hz, 3 H).
13¢ NMR (100 MHz, CDCl): § = 198.4, 148.9, 136.8, 128.6, 126.9, 101.4, 63.2,
62.5, 61.6, 32.3, 27.2, 27.0, 20.1, 14.3.
HRMS- ES: m/z [M + Na] Calcd for Cj6H2404Na: 303.1572; found: 303.1558.
1-(3-(2-Methyl-1,3-dioxolan-2-yl)phenyl)ethanone 6
'H NMR (400 MHz, CDCls): § = 8.07 (t, J = 1.6, 1 H), 7.90 (dt, J = 8.0, 1.4 Hz,
1H), 7.68 (dt, J = 8.0, 1.4 Hz, 1H), 7.45 (t, 7.6 Hz, 1H), ), 4.15-4.02 (m, 2 H), 3.85-
3.75 (m, 2 H), 2.65 (s, 3 H), 1.66 (s, 3 H).
'5C NMR (100 MHz, CDCl): 5 = 198.4, 144.6, 137.6, 130.5, 129.0, 128.2, 125.6,
108.9, 65.0, 28.0, 27.1.
HRMS- EI: m/z [M + H]Caled for C:2H)503: 207.1021; found: 207.1022.
Anal Calcd for C}2H,403: C, 69.88; H, 6.84. Found: C, 69.80; H, 6.82.
(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)(phenyl)methanone 7
"HNMR(400 MHz, CDCI): 8 = 7.85-7.77 (m,4 H), 7.65-7.56 (m, 3 H), 7.52-7.45
(m, 2 H), 4.12-4.05 (m, 2 H), 3.86-3.77 (m, 2 H), 1.69 (s, 3H).
'53C NMR(100 MHz, CDCI): 5 = 196.8, 148.3, 138.0, 137.6, 132.9, 130.7, 130.5,
128.7, 126.0, 109.0, 65.1, 27.9.
HRMS- EI: m/z [M + H]’ Caled for C17H703: 269.1177; found: 269.1176
Anal Calcd for C;7H)6O3: C, 76.10; H, 6.01. Found: C, 76.17; H, 6.04.
2-Methyl-2-(naphthalen-1-yl)-1,3-dioxolane 8
'H NMR(400 MHz, CDCI): 8 = 8.51 (d, J= 9.0 Hz, 1H), 7.72-7.64 (m, 3 H), 7.40-
7.27 (m, 3 H), 3.97-3.93 (m, 2 H), 3.68-3.65 (m, 2 H), 1.78 (s, 3 H).
'3C NMR (100 MHz, CDCls): 5 = 137.4, 133.5, 129.3, 128.0, 127.6, 125.3, 124.7,
124.3, 123.8, 122.6, 108.6, 61.2, 26.5.
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HRMS- EI: m/z [M + H]" Calcd for C)4H)5O2: 215.1072; found: 215.1075.
Anal Calcd for C,4H,402: C, 78.48; H, 6.61. Found: C, 78.55; H, 6.65.
2-methyl-2-(naphthalen-2-yl)-1,3-dioxolane 9
'H NMR(400 MHz, CDCI): 8 = 7.96 (s, 1 H), 7.88-7.80 (m, 3 H), 7.58 (dd, , J =
8.0, 1.6 Hz, 1H), 7.51-7.45 (m, 2H), ), 4.14-4.02 (m, 2 H), 3.86-3.78 (m, 2 H), 1.74
(s, 3 H).
13 NMR (100 MHz, CDCI): 8 = 141.0 133.4(4), 133.4(2), 128.7, 128.6, 128.0,
126.6, 126.5, 124.4, 124.1, 109.4, 65.0, 28.0.
HRMS- EI: m/z [M + H]Caled for C,4H);O2: 215.1072; found: 215.1071.
Anal Calcd for C}4H;402: C, 78.48; H, 6.61. Found: C, 78.61; H, 6.62.
2-MethyI-2-phenyl-1,3-dioxolane 10
1H NMR (400 MHz, CDCI) & = 7.49-7.47 (m, 2H), 7.35-7.27 (m, 3H), 4.03-3.99
(m, 2H), 3.76-3.73 (m, 2H), and 1.65 (s, 3H).
13C NMR (100 MHz, CDCI3) 6 = 143.8, 128.7, 128.2, 125.7, 109.2,
64.8, 28.1
HRMSCalcd for C}9H;302 (M + H)+: 165.0916. Found: 165.0917
Anal. Calcd for Cj9H)2O2: C, 73.15; H,7.37. Found: C, 72.95; H, 7.34.
2-(4-Fluorophenyl)-2-methyl-1,3-dioxolane 11
'H NMR (400 MHz, CDCl): 5 = 7.40-7.34 (m, 2 H), 6.96-6.89 (m, 2 H), 3.99-3.90
(m, 2 H), 3.72-3.63 (m, 2 H), 1.55 (s, 3 H)
'3C NMR (100 MHz, CDCl): 5 = 162.8 (d, Jor = 244 Hz), 139.6 (d, Jer = 3 Hz),
127.5 (d, Jc-r= 8 Hz), 115.4 (d, Jc-r= 21 Hz), 108.9, 64.8, 28.1
HRMS EI: m/z [M + H]" Calcd for Cj9H2FO>2: 183.0821; found: 183.0824.
AnalCalcd for Cj9H;;FO2: C, 65.92; H, 6.09. Found: C, 66.11; H, 6.12.
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2-(6-Methoxynaphthalen-2-yl)-2-methyl-1,3-dioxolane 13
lH NMR (400 MHz, CDCI;): 5 = 7.88 (s, 1 H), 7.85-7.68 (m, 2 H), 7.65-7.51 (m, 1
H), 7.25-7.11 (m, 2 H), 4.25-4.05 (m, 2 H), 3.92 (s, 3 H), 3.91-3.79 (m,2 H), 1.73 (s,
3H).
'3C NMR (100 MHz, CDCl3): 6 = 158.2, 138.8, 134.6, 130.1, 128.8, 127.3, 124.6,
124.3, 119.3, 109.4, 106.0, 64.9, 55.7, 28.0.
HRMS- EL: m/z [M + HJ]Caled for C15H16O3: 245.1099; found: 245.1101.
AnalCalcd for C;5H)503: C, 73.75; H, 6.60. Found: C, 73.93; H, 6.66.
2-Methyl-2-p-tolyl-1,3-dioxolane 14
'H NMR (400 MHz, CDCl;): 8 = 7.37 (d, J = 7.6 Hz, 2 H), 7.16 (d, J = 7.6 Hz, 2 H),
4.08-3.95 (m, 2 H), 3.82-3.72 (m, 2 H), 2.34 (s, 3 H),1.65 (s, 3 H).
'53C NMR (100 MHz, CDCl): 5 = 140.8, 137.9, 129.3, 125.6, 109.3, 64.8, 28.1, 21.5.
HRMS- EI: m/z [M+ H]* Caled for C;,;H;s02: 179.1067; found: 179.1070.
Anal Calcd for C;;H,402: C, 74.13; H, 7.92. Found: C, 74.29; H, 7.96.
2-MethyI-2-m-tolyl-1,3-dioxolane 15
1H NMR(400 MHz, CDCI): 8 = 7.57-7.53 (m, 2 H), 7.25-7.12 (m, 2 H), 4.05-3.95
(m, 2 H), 3.77-3.65 (m, 2 H), 2.50 (s, 3 H), 1.68 (s, 3 H).
3C NMR (100 MHz, CDCl): 5 = 141.0, 136.0, 132.3, 128.3, 126.5, 126.0, 109.9,
64.4, 26.7, 21.1.
HRMS- EI: m/z [M + H]” Caled for C,;H1sO2: 179.1067; found: 179.1064.
Anal Calcd for C;;H,402: C, 74.13; H, 7.92. Found: C, 74.30; H, 7.97.
2-Methyl-2-0-tolyl-1,3-dioxolane 16
'H NMR(400 MHz, CDCl;): 5 = 7.48-7.19 (m, 3 H), 7.18-7.09 (m, 1H), 4.18-4.03
(m, 2 H), 3.92-3.73 (m, 2 H), 2.36 (s, 3 H), 1.66 (s, 3 H).
'3C NMR (100 MHz, CDCl): 5 = 143.6, 138.2, 129.0, 128.5, 126.3, 122.7, 109.3,
64.8, 28.1, 21.9.
HRMS- EI: m/z [M + H]Caled for C1,;H)s02: 179.1067; found: 179.1068.
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Anal Caled for C,;H)4O2: C, 74.13; H, 7.92. Found: C, 74.38; H, 7.98.
2-(4-Methoxyphenyl)-2-methyl-1,3-dioxolane 17
'H NMR(400 MHz, CDCl;): 8 = 7.40 (d, J = 8.8 Hz, 2 H), 6.87 (d, J = 8.8 Hz, 2 H),
4.10-3.95 (m, 2 H), 3.87-3.76 (m, 2 H), 3.81 (s, 3 H), 1.70 (s, 3 H).
"°C NMR(100 MHz, CDCI): 5 = 159.6, 135.9, 126.9, 113.9, 109.2, 64.8, 55.7, 28.1.
HRMS- EI: m/z [M + H]" Calcd for C;;H)503: 195.1016; found 195.1016.
Anal Calcd for C;;H403: C, 68.02; H, 7.27. Found: C, 68.17; H, 7.30.
2-Methyl-2-(thiophen-3-yl)-1,3-dioxolane 19
'H NMR(400 MHz, CDCI): 8 = 7.30-7.24 (m, 2 H), 7.07 (dd, J = 4.8, 1.6 Hz, 1 H),
4.10-3.98 (m, 2 H), 3.92-3.87 (m, 2 H), 1.68 (s, 3 H).
'5C NMR(100 MHz, CDCI;): 6 = 145.6, 126.4, 126.2, 121.8, 107.8, 65.1, 27.4.
HRMS- EL: m/z [M + H]” Caled for C,;H,503:171.0474; found 171.0474
AnalCalcd for CgH;;02S : C, 56.44; H, 5.94. Found: C,56.56; H,6.00.
1-(4-(2,4-Dimethyl-1,3-dioxolan-2-yl)phenyl)ethanone 20
'H NMR (400 MHz, CDCI): 5 = 7.94 (d, J = 8.4 Hz, 2H). 7.61 (d, J = 8.0 Hz, 1.2
H), 7.58 (d, 8.0 Hz, 0.8 H), 4.5-4.34 (m, 0.6 H), 4.17 (dd, J= 8.0, 6.0 Hz, 0.6 H),
4.11-3.97 (m, 0.4 H), 3.88 (t, J = 6.8 Hz, 0.4 H), 3.65-3.54 (m, 0.4 H), 3.27 (t, J = 8.0
Hz, 0.6 H), 2.61 (s, 3 H), 1.66 (s, 1.2 H), 1.63 (s, 1.8 Hz), 1.34 (d, J = 6.0 Hz, 1.2 H),
1.19 (d, J = 6.0 Hz, 1.8 H). Product exists as a mixture of diastereoisomers with d.r.
= 60:40
'8C NMR (100 MHz, CDC1;): & = 198.3, 150.3, 149.5, 137.0, 136.9, 128.9, 128.8,
128.7, 128.6, 128.9, 125.8, 109.0, 73.7, 72.5, 71.6, 71.3, 28.6, 28.5, 19.2, 18.7.
HRMS- EI: m/z [M + H]” Caled for C,;H502: 221.1178; found: 221.1172.
Anal Caled for C;;H;4O2: C, 70.89; H, 7.32. Found: C, 71.03; H, 7.37.
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1-(4-(2-MethyI-1,3-dioxan-2-yl)phenyl)ethanone 21
lH NMR (400 MHz, CDCl;): 5 = 8.05 (d, 8.0 Hz, 2 H), 7.55 (d, J = 8.0 Hz, 2 H),
3.94-3.88 (m, 2 H), 3.75 (td, J = 12.0, 2.6 Hz, 2 H), 2.63 (s, 3 H), 2.14 (qt, J = 12.6,
5.0 Hz, 1H), 1.52 (s, 3 H), 1.31-1.24 (m,1 H).
3C NMR (100 MHz, CDCI3): 6 = 198.2, 147.2, 137.0, 129.3, 127.5, 100.7, 61.8,
32.4, 27.1, 25.7.
HRMS- EI: m/z [M + H]’ Caled for C,3H,703: 221.1178; found: 221.1179.
Anal Calcd for C;3H1603: C, 70.89; H, 7.32. Found: C, 70.97; H, 7.34.
(4-(2-Methyl-1,3-dioxan-2-yl)phenyl)(phenyl)methanone 22
1H NMR (400 MHz, CDCI): 8 = 7.91-7.82 (m, 4 H), 7.65-7.56 (m, 3 H), 7.54-7.47
(m, 2 H), 3.98-3.89 (m, 2 H), 3.80 (td, J = 11.1, 2.5 Hz, 2 H), 2.22-2.08 (m, | H),
1.56 (s, 3 H), 1.34-1.25 (m, 1 H).
'3C NMR (100 MHz, CDCl;): 6 = 194.5, 144.3, 135.7, 135.2, 130.6, 128.8, 128.2,
126.5, 125.0, 98.6, 59.6, 30.2, 23.5.
HRMS - EL: m/z [M+ H]Calcd for C1gH1903: 283.1329; found: 283.1330.
Anal Calcd for C}gH}9O02: C, 76.57; H, 6.43. Found: C, 76.67; H, 6.49.
1-(3-(2-MethyI-1,3-dioxan-2-yl)phenyl)ethanone 23
1H NMR(400 MHz, CDCl): 8 = 8.03 (t, J = 1.8 Hz, 1 H), 7.92 (dt, J = 7.6, 1.4 Hz,
1 H), 7.66 (dt, J = 7.6, 1.4 Hz, 1 H), 7.52 (t, J = 7.6 Hz, 1 H), 3.98-3.88, (m, 2 H),
3.75 (dt, J = 12.0, 2.4 Hz, 1 H), 2.64 (s, 3 H), 2.24-2.07 (m, 1 H), 1.53 (s, 3 H), 1.36-
1.24 (m, 1 H).
'3C NMR (100 MHz, CDCls): 5 = 198.8, 142.9, 138.6, 132.3, 129.9, 128.4, 127.4,
100.9, 62.0, 32.9, 27.5, 26.1.
HRMS — EI: m/z [M + H]” Calcd for Calcd for C)3H17O3: 221.1172. found:
221.1175.
Anal Calcd for C13H1603: C, 70.89; H, 7.32. Found: C, 71.10; H, 7.40.
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1-(4-(2-Methyl-1,3-dioxan-2-yl)phenyl)propan-1-one 24
'H NMR (400 MHz, CDCl): 6 = 8.00 (d, 8.4 Hz, 2 H), 7.54 (d, J = 8.4 Hz, 2 H),
3.98-3.86 (m, 2 H), 3.76 (td, J = 12.4, 2.8 Hz, 2H), 3.02 (q, J = 7.2 Hz, 2 H), 2.13
(qt, J = 12.8, 5.2 Hz, 1 H), 1.51 (s, 3 H), 1.35-1.24 (m, 1H), 1.24 (t, J = 7.2 Hz, 3 H).
'SC NMR (100 MHz, CDCl): 8 = 200.9, 147.0, 136.8, 128.9, 127.5, 100.7, 61.9,
32.4, 32.3, 25.7, 8.7.
HRMS- EI: m/z [M + H]” Caled for C4H1903: 235.1329; found: 235.1327.
Anal Caled for C,4H)303: C, 71.77; H, 7.74. Found: C, 71.95; H, 7.76.
(4-(1-Butoxyvinyl)phenyl)(phenyl)methanone 25
'H NMR (400 MHz, CDCIs): 8 = 8.11-7.71(m, 6 H), 7.70-7.56 (m, 1 H), 7.54-7.42
(m, 2H), 4.80 (d, J = 2.8 Hz, 1 H), 4.34 (d, J= 2.8 Hz, 1 H), 3.91 (t, J= 6.4 Hz, 2 H),
2.00-1.78 (m, 2 H), 1.68-1.48 (m, 2 H), 1.05 (t, J= 7.5 Hz, 2 H).
"°C NMR (100 MHz, CDCI): 8 = 196.2, 166.3, 141.6, 138.0,134.0, 133.6, 132.8,
130.5, 130.1, 129.9, 85.6, 68.8, 31.7, 20.1, 14.3.
4-(1-Butoxyvinyl)benzaldehyde 26
'H NMR (400 MHz, CDCI): 5 = 10.00 (s, 1 H), 7.85 (d, J = 8.0 Hz, 2 H), 7.79 (d, J
= 8.0 Hz, 2 H), 4.80 (d, J = 2.8 Hz, 1 H), 4.35 (d, J = 2.8 Hz, 1 H), 3.87 (t, J= 6.4
Hz, 2 H), 1.90-1.73 (m, 2 H), 1.66-1.49 (m, 2 H), 1.00 (t, J=7.2 Hz, 3 H).
°C NMR (100 MHz, CDCl): 5 = 192.4, 159.1, 142.8, 136.4, 130.0, 126.2, 85.2,
68.1, 31.5, 19.9, 14.0.
1-(4-(4-(Hydroxymethyl)-2-methyl-1,3-dioxolan-2-yl)phenyl)ethanone 27
'H NMR (400 MHz, CDCI;): 5 = 7.95 (d, J = 8.4 Hz, 2 H), 7.67-7.56 (m, 2 H), 4.20
(dd, J = 8.4, 6.4 Hz, 0.3 H), 4.17-4.04 (m. 0.3 H), 4.12-4.09 (m, 0.7 H), 3.90 (dd, J =
8.0. 5.2 Hz, 0.7 H), 3.87-3.74 (m, 1.4 H), 3.74-3.58 (m, | H), 3.57-3.43 (m, 0.6 H),
2.61 (s, 3 H), 1.68 (s, 2.1 H), 1.65 (s, 0.9 H). Product exists as a mixture of
diastereoisomers with d.r. = 70:30
'3C NMR(100 MHz, CDCl;): 5 = 198.2, 149.6, 148.6, 137.2, 129.0, 128.9, 126.0,
125.6, 109.7, 77.9, 76.6, 66.8, 66.2, 63.7, 63.1, 28.3, 28.2(8), 27.1.
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125HRMS- EI: m/z [M+ H]’ Caled for C13H17O4: 237.1121; found: 237.1118.
Anal Calcd for C13H;604: C, 66.09; H, 6.83. Found: C, 68.93; H, 6.84.
1-(4-(4-(Chloromethyl)-2-methyl-1,3-dioxolan-2-yl)phenyl)ethanone 28
1H NMR (400 MHz, CDCI3): 5 = 7.92-7.85 (m, 2 H), 7.53-7.43 (m, 2 H), 4.46-4.35
(m, 0.45 H), 4.22 (dd, J = 8.8, 6.0 Hz, 0.45 Hz), 4.20-4.10 (m, 0.55 H), 3.90 (dd, J =
4.8, 4.0 Hz, 0.55 H), 3.71 (dd, J= 8.8, 6.8 Hz, 0.55 H), 3.69-3.55 (m, 1 H), 3.54-3.41
(m, 1 H), 3.10 (dd, J = 11.2, 8.0 Hz, 0.45 H), 2.54 (s, 3 H),1.60 (s, 1.65 H), 1.56 (s,
1.35 H). Product exists as a mixture of diastereoisomers with d.r. = 55:45
3C NMR (100 MHz, CDCl): 5 = 196.7, 147.9, 147.0, 135.8, 127.5, 127.4, 124.5,
124.3, 108.8, 75.3, 74.4, 67.6, 66.4, 43.6, 43.1, 27.0, 25.7.
HRMS- EI: m/z [M + H]’ Calcd for C:3HisClO3: 255.0787; found: 255.0789.
Anal Calcd for C;3H}5ClO3: C, 61.30; H, 5.94. Found: C, 61.40; H, 5.96.
(4-(2,4-Dimethyl-1,3-dioxolan-2-yl)pheny!)(phenyl)methanone 29
"NMR (400 MHz, CDCl;): 5 = 7.80-7.66 (m, 4 H), 7.62-7.45 (m, 3 H), 7.45-7.35
(m, 2 H), 4.35-4.24 (m,0.6 H), 4.17 (dd, J = 8.0, 5.6 Hz, 0.6 H), 4.02-3.92 (m,0.4
H), 3.82 (dd, J = 7.6, 6.4 Hz,0.4 H,3.54-3.44 (m, 0.4 H), 3.30-3.18 (m, 0.6 H), 1.59
(s, 1.2 H), 1.56 (s, 1.8 H), 1.25 (d, J = 6.0 Hz, 1.2 H), 1.11 (d, J = 6.0 Hz, 1.8 H).
Product exists as a mixture of diastereoisomers with d.r. = 60:40.
3C NMR (100 MHz, CDCl): 5 = 196.8, 149.6, 148.9, 138.0, 137.9(9), 137.5, 137.4,
132.9, 132.8, 130.5, 130.4(3), 130.4(1), 128.7, 125.7, 125.6, 109.1, 73.7, 72.5, 71.6,
71.3, 28.7, 28.5, 19.3, 18.7.
HRMS — EI: m/z [M + H]" Caled for C17H2403: 283.1329; found: 283.1332.
Anal Calcd for C,;H,402: C, 76.57; H, 6.43. Found: C, 76.60; H, 6.45.
(4-(4-(Chloromethy])-2-methyI-1,3-dioxolan-2-yl)phenyl)(phenyl)methanone 30
1H NMR (400 MHz, CDCI): 8 = 7.93-7.77 (m, 4 H), 7.73-7.57 (m, 3 H), 7.57-7.46
(m, 2 H),4.53-4.44 (m, 0.4 H), 4.31 (dd, J = 8.8, 6.4 Hz, 0.4 H), 4.28-4.20 (m, 0.6
H), 3.99 (dd, J = 8.4, 4.4 Hz,0.6 H),3.83 (dd, J
=
8.4, 7.2 Hz, 0.6 H),3.77-3.63 (m,
1 H), 3.62-3.44 (m, 1 H), 3.20 (dd, J = 10.8, 8.8 Hz, 0.4 H), 1.71 (s, 1.8 H),1.67 (s,
1.2 H). Productexists as a mixture of diastereoisomers with d.r. = 60:40.
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'3C NMR (100 MHz, CDCl): 5 = 196.9, 132.9, 130.6, 130.5, 128.7(3), 128.6(8),
125.6, 125.5, 75.9, 69.1, 67.9, 66.3, 45.0, 44.6, 28.5, 28.4, 15.7.
HRMS- EI: m/z [M + H]” Calcd for CjsH;gClO3: 317.0939; found: 317.0939.
Anal Calcd for CjgH7 Cl O3: C, 68.25; H, 5.41. Found: C, 68.43; H, 5.42.
1-(4-(2,5-Dimethyl]-5-propyl-1,3-dioxan-2-yl)phenyl)ethanone 31
'H NMR (400 MHz, CDCI): 5 = 7.94-7.89 (m, 2H), 7.48-7.45 (m, 2H), 3.47 (d, J=
11.6 Hz, 1 H), 3.39 (d, J= 11.0 Hz, 1 H), 3.31 (d, J= 11.0 Hz, 1 H), 3.24 (d, J/= 11.6
Hz, 1 H), 2.55 (s, 3 H), 1.68-1.59 (m, 1 H), 1.46 (s, 1.5 H), 1.45 (s, 1.5 H), 1.31-1.25
(m, 1 H), 1.19 (s, 1.5 H) 1.15-1.01 (m, 1 H), 0.92 (t, J= 7.2 Hz, 1.5 H), 0.82-0.75 (m,
1 H), 0.71 (t, J= 7.2 Hz, 1.5 H), 0.44 (s, 1.5 H).
'3C NMR (100 MHz, CDCl): 5 = 198.2, 147.1, 147.0, 137.0, 129.2, 127.5, 100.6,
100.4, 71.7, 70.7 39.0, 37.0, 32.9(0), 32.8(6), 32.1, 31.9, 27.1, 20.2, 19.2, 17.3, 16.0,
15.3, 15.2.
HRMS- EI: m/z [M + H]Calcd for C,7H2403: 277.1804; found: 277.1801.
1-(4-(2,5-Dimethyl-1,3-dioxan-2-yl)phenyl)ethanone 32
'H NMR (400 MHz, CDCI;): 8 = 8.06-7.97 (m, 2 H), 7.62-7.57 (m, 2 H), 3.95-3.86
(m, 1.2 H), 3.84-3.77 (m,0.8 H), 3.66-3.54 (m, 1.2 H), 3.30-3.21 (m,0.8 H), 2.63 (s,
1.2 H), 2.62 (s, 1.8 H), 2.23-2.12 (m,0.4 H), 1.59-1.50 (m, 0.6 H), 1.54 (s, 1.8 H),
1.51 (s, 1.2 H), 1.28 (d, J = 6.8 Hz, 1.8 H), 0.57 (d, J= 6.8 Hz, 1.2 H).
'3C NMR (100 MHz, CDCl3): 5 = 198.2, 147.5, 147.0, 137.0, 129.3, 129.1, 127.6,
127.2, 100.4, 68.3, 66.9, 32.5, 30.8, 29.5, 29.1, 15.8, 12.7.
HRMS — EI: m/z [M + H]* Caled for C14H19O3: 235.1329. found: 235.1331.
Anal Calcd for C14H;s03: C, 71.77; H, 7.74. Found: C, 71.82; H, 7.75.
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Chapter 4
Regioselective Heck Reactions of Unsaturated Alcohols for the
Synthesis of Oxygen Heterocycles
4.1 Introduction
Saturated oxygen heterocylcles, such as tetrahydrofurans (THF’s) and
tetrahydropyrans (THP’s), are extremely important compounds. They are found in
the macrolide antibiotics and a great many natural products and bioactive
'3 Many are being assessed for use in a diverse range ofcompounds.
chemotherapeutic interventions. Because of their high importance a large number of
procedures for the construction of saturated heterocylcles exist.** Still, they remain
challenging targets and new methodologies will always draw attention from the
synthetic community.
Electrophile Promoted Cyclisation of Unsaturated Alcohols
One of the most popular methods for the formation of heterocylcles is
electrophile promoted cyclisation. This can occur in one of two ways. Firstly the
electrophile acts as a catalyst (ie. proton, metal ion) and is released after the
reaction. Secondly, the electrophile is present in stoichiometric quantities and is
incorporated into the final product(i.e. electrophilic halogen). For the purposes of
this chapter, we will address the use of these types of reaction for formation of
substituted THFs.
Although the Brensted acid mediated cyclisation of unsaturated alcohols is
well known, the acid-catalysed reaction is muchless so and only a few examples can
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be found in the literature.”'' Dufiach and co-workers reported the triflic acid
catalysed cyclisation of unsaturated alcohols.” Triflic acid was far superior to the
otheracids tried (H2SO4, CF;COOH, H3PO,, p-TsOH.H20) and 5 mol % in DCM or
CH3NO)at reflux led to THFs or THPs in moderate to excellent yields (Scheme
4.01).
TfOH 5 mol %
DCM
reflux, 1.5 h oOSyn ae 1% 69%
Scheme4.01. Triflic acid catalysed cyclisation of an unsaturated alcohol
Only recently was the Lewis acid-catalysed intramolecular hydroalkoxylation
reaction reported. Until a 2005 paper by Dujfiach, no Lewis acid catalyst had been
reported for the reaction. They found Sn(OTf)4 to be an efficient catalyst for the
cyclisation of a variety of unsaturated alcohols.'* 5 mol% of the catalyst allowed
reactions to be completed in 10 min- 7 h in refluxing CH3NO2 (Scheme 4.02). Most
of the alcohols tested were cyclised in excellent yield. Lanthanidetriflate in an ionic
liquid has also very recently been reportedas a catalytic system for this reaction. s
Sn(OTf)4 5 mol %CH3NO>
reflux, 15 min 0‘OH e 1% 74%
Scheme4.02. Lewis-acid catalysed cyclisation of an unsaturated alcohol
Electrophilic halogens are also a popular choice for promoting cyclisations of
alkenes. Although the majority of reports are concerned with halolactonisation the
corresponding haloetherification reactions have been reported.'*'’ The originally
reported reaction utilised a KI/I;/NaHCO3 system, ® one which is still popular
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today.” However, most new methodologies deal with in situ generation of halogen
20-23from a halide source and an external oxidant, avoiding the use hazards associated
with the transport and storage.”* A typical example is shown in Scheme 4.03.
Oxone®-kl
CH3CN-H20
a rt, 20 min | O
Yon 88 %
Scheme 4.03. A typical iodoetherification procedure
 
Heck Reactions of Unsaturated Alcohols
Initial investigations by Heck” and Magennis*® on the Pd-catalysed Heck
reaction of unsaturated alcohols revealed two prominent characteristics of these
reactions-
1. The Heckreaction of unsaturated alcohols does not, in general, yield arylated
unsaturated alcohols. Migration of the double bond by reversible addition of
palladium hydride continuesalong the carbon chain until an enol intermediate
is reached. Tautomerisation to the aldehyde or ketone results in the major
products being aryl-substituted carbonyl compounds (Scheme 4.04). It was
noted by the authors, however, that addition of a phosphine ligand (PPhs)
suppressed the isomerisation. With Pd(OAc)2 and 3 eq PPh; the alcohol to
carbonyl ratio was 4.2:1 ( X= Br, R= CH3, Ar = 2-MePh). Pd(OAc), alone
gave exclusively the carbonyl compound. The isomerisation is also stopped
when a quaternary carboncentre exists between the olefin and the alcohol.
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R
>on
OR R
are + Au [Pd] aon—> — age
X= Br, |
R =H,alkyl
  
Scheme 4.04. Isomerisation of arylated unsaturated alcohols by Pd-H reinsertion
2. Using standard Heck conditions, arylation is strongly preferred at the terminal
position ofthe olefinic bond. This preference is so strong that Heck reported
the arylation of the allylic alcohol in Scheme 4.05 at the disubstituted
terminal position was favoured 60:40 over the monosubstituted internal
position. Arylation at the internal position led mainly to the alcohol product,
presumably due to the stability of the tetrasubstituted olefin towards Pd-H
addtition.
Ox oo Pd(OAc), antAr’. + SS OH O Ht S OH
Ar
60:40
Scheme4.05. f-Selectivity in Heck arylation of unsaturated alcohols
Thepreference for external substitution outlined in 2 aboveis true for the vast
majority of reports on the Heck reaction of unsaturated alcohols.””*’ However, the
products of internal arylation are also desireable and serve as useful building blocks
in the synthesis of natural products, antimalarials, anticancer and non-steroidal anti-
inflammatory drugs such asthe brufens.***? Given this fact, it is important to develop
methodologies to affect the internal arylation in high selectivity. Only a few reports
exist where this has been achieved; the most successful are outlined below.
133
Chapter 4. Heck Reactionsfor Oxygen Heterocycles
Cabri and co-workers were the first to realise high levels of selectivity for
internal arylation of unsaturated alcohols.** Using aryltriflates and bidentate ligands
such as dppp, dppf or dppb selectivity of <99:1 could be achived for internal
arylation. Hence, the arylation of allyl alcohol in the presence of a Pd-dppf catalyst
(2.5 mol%) proceeded with >99:1 internal selectivity (Scheme 4.06). A 90% yield of
the substituted alcohol was obtained after 1 h reaction time at 100 °C in DMF. For
allylic alcohols, dppf was required to obtain complete conversion. The formation of
stable Pd(dppp)allyl complexes was implicated in the failure of dppp to achieve total
consumption of the starting material. A homallylic alcohol was also successfully
arylated using the Pd-dppp catalyst, albeit with a lower selectivity of 90:10. An
attempt to switch from triflate to an iodide led to a complex reaction mixture
containing carbonyl compounds and alcohols resulting from both internal and
externalarylation.
Pd-dppf
NEtsOSESOHee
> 99:1
Scheme4.06. Pd-dppffor regioselective arylation of unsaturated alcohols
 
Work in this group revealed that ionic liquids were also useful solvents for
regioselective internal arylation of unsaturated alcohols.” As was also found for
enamides,” a mixture of [Bmim][BF4]-DMSO was more successful than the pure
ionic liquid (Scheme 4.07). Allyl alcohol was arylated exclusively at the internal
position and goodto excellent yields were obtained for a variety of aryl bromides.
No isomerisation took place andthe reactionsyielded only the substituted alcohols.It
is thought that the use of the chelating bisphosphine ligand is responsible for this
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selectivity. Presumably it is more difficult for enough coordination sites to become
available for efficient addition/reinsertion of the olefin and hydride. Homallylic and
higher alcohols were also arylated in good to excellent yields, albeit with a reduced
selectivity (internal 70-80%). Typical reaction conditions were 2-4 mol% Pd(OAc)s,
dppp (2 eq to Pd), NEt;, [Bmim][BF4]-DMSO 1:1, 115 °C, 24-36 h. This is the only
report, to the best of our knowledge, for the general regioselective internal arylation
of unsaturated alcohols.
Pd-dppp 2-4 %
NEt,[Bmim|[BF,-OMSO1:1P+ Shoq “OH ArAH“OH
n 115 °C, 24-36 h
n_— Internal:external
33 examples
Isolated yields 70-94% 1 >99:1
2 80:20
3 88:12
4 86:14
5 84:16
6 85:15
Scheme 4.07. Regioselective arylation of unsaturated alcohols in ionic liquid-DMSO
Aswell as controlling the regioselectivity of the arylation, it is also important
to be able to control the chemoselectivity. Although the carbonyl products generated
by the isomerisation pathwayare useful, the initially produced substituted alcohols
are also important compounds. To this end, a handful of reports have shown
strategies for preventing the isomerisation.
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The phase transfer conditions developed by Jeffery (Chapter 1) were applied
to the Heck reaction of unsaturated alcohols and allowed for mild reaction
conditions.*° The arylation of allyl alcohol was complete after 24 h at room
temperature with 1 mol% Pd(OAc)2, NaHCO; (2.5 eq) in DMF and | eq NBuy
(Scheme 4.08). However, the products werestill the carbonyl compoundsresulting
from the terminal arylation/isomerisation pathway. The same author reported that
exchanging NaHCO;3/NBu, for AgOAc,althoughstill leading to terminal arylation,
completely inhibited the isomerisation pathway.”? The terminally arylated (E)-
alcohols were obtained with excellent, chemo-(alcoholvs. carbonyl), regio- (terminal
vs. internal) and stereo-(E/Z) control.
Pd(OAc |+ Ph—Br PatOAcle or External arylation with isomerisation
NaHCO;
NBu,Cl
DMF
Lon
Pd(OAc)
ou + Ph—Br ge Ph7SoH External arylation, no isomerisation
AgOAc
DMF
Scheme4.08. Jefferey’s conditions for chemoselective unsaturated alcohol arylation
Spinelli and co-workers reported the arylation of unsaturated alcohols using a
Pd-benzothiazole carbene complex in molten tetrabutylammonium bromide (TBAB)
as solvent.*> Thereaction in this ionic liquid wasinitially reported to proceed with
high external selectivity and yield the aryl ketones exclusively in good yield. They
later discovered that, using Pd(OAc), as catalyst, the nature of the ionic liquid and
base could have a profound effect on the selectivity of the reaction. In the arylation
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of a secondary allylic alcohol, switching from TBAB and NaHCO; to
tetrabutylammonium acetate (TBAA)as base and solvent the selectivity changed to
favour the substituted allylic alcohol. Isomerisation to the ketone was almost
completely inhibited (Scheme 4.09).
R R R O OPd(OAc)2 | |Son * enor Se ign + SSH + pr~he 4 Rlonic liquid Ph Ph
Base
a b c d
lonic liquid Base
TBAB NaHCO3 0 0 97 3
TBAA TBAA 90 6 4
Scheme 4.09. Effect of ionic liquid and base on chemoselective arylation of allylic alcohols, R= CsH),
Other catalysts worthy of note for efficiency or favourable conditions are
those reported by the groups of de Vries, Nejera and Santelli. Santelli reported the
mostefficient ligated palladium catalyst to date. The palladium tetraphoshinecatalyst
in scheme 4.10 applied so successfully to the arylation of unsaturated ketones and
hydroxyl alkyl vinyl ethers was also found to be efficient for the regioselective
terminal arylation of unsaturated alcohols.*° S/C ratios of 100 000:1 were emplyed,
yields were only moderate to good (best TON = 69 000); S/C = 10 000 allowed for
consistently excellent yields (90-95%).
oH [CIPd(C3Hs)]o/TEDICYP 1:2
Ph K,CO3 2 eq, DMF, 130 °C, 20h CoHs
seu,Ao ~ Phr
 
O TON =69 000PhP PPh2
TEDICYP = ph,p PPh,
 
Scheme 4.10. Tedicyp as a ligandfor the arylation of unsaturated alcohols
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de Vries and co-workers’ protocol for the arylation of 3-butene-2-ol provided
the highest turnover numbers for these olefins and aryl bromides using a ligand free
catalyst.*’ Scheme 4.11 shows how TON = 1980 and TOF <400 h’ were achievedin
the arylation of an unsaturated alcohol when Pd(OAc), was employed as the
precatalyst.
Pd(OAc). 0.05% O
Br NaOAc, NMP
135°C, 5h+ 1, > 99 %
oO O
TON = 1980
TOF = 396 h"
Scheme4.11. Ligand free Heck arylation of unsaturated alcohols at low Pd-loading
Najera’s oxime-derived palladacycle was applied to unsaturated alcohol
arylation in aqueous environments.*° Scheme 4.12 shows how the complex was used
as a precatalyst for the aryation of 3-butene-1-ol with iodobenzene in neat water.
After 7 h at reflux with 0.1% Pd loading a 99% yield was achieved. The product
distribution was around 85% in favour of 4-butanone with smaller amounts of the
other ketone and alcohols. The catalyst could be recycled for 3 times before the yield
dropped from~85 to 44%. The product selectivity in the recycles varied significantly.
cat. 0.1 %, Cy2NMe, O
120°C,H,0,7h 99 %OH
 
Scheme 4.12. Najera’s palladacycle for Heck arylation of unsaturated alcohols in water
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THF’s via carboetherification
Perhaps mostrelaventto this thesis is the work of Wolfe and co-workers.***”
They developed a reaction that, starting from aryl halides and unsaturated alcohols
generates substituted THF’s under palladium catalysis.****°>*” The compounds they
obtained are isomers of our intended targets and are possible side products in our
reaction. A general schemefor the reaction is shown in Scheme4.13.
[Pd]
Base Oaek #SRYos
4.13. General scheme for Wolfe’s palladium-catalysed carboetherification reaction
The key to obtaining a good yield was found to be in the choice of ligand and
base. Hence, when Pd>2(dba);3/P(2-tol)3 with AgxCO3 was employed ascatalyst, the
reaction yield was only 3-4% for the desired products. However, switching to
Pd>(dba);/DPE-Phos with NaO'Bu dramatically increasedthe yield of the substituted
THEto 76%.°’ Interestingly, only trace quantities of the Heck-type products were
formed.
The reaction shows an excellent scope and tolerates a wide variety of
alcohols and aryl bromides. In cases where there is more than one productpossible,
the diastereoselectivity is generally high. In an analogous carboamination for the
synthesis of nitrogen heterocylcles, a change in the ligand to dppe and sovent to
toluene was necessary to avoid the competing N-arylation reaction. The compounds
> 48,49,53,57S,accessible by these methodologies now include, THF pyrrolidines,”*
50,60 61,62os rc : . 4: ‘ . . 63imidazolidin-2-ones,” isoxazolidines, piperazines and morpholines.
Selected examples are shownin Figure 4.14.
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SD 2 JO-Ph PH
62%, d.r. >20:1 77%, d.r. >20:1 78%, d.r. = 8:1
MeO.
C > we3
U 7 oreon
68%,d.r. >20:1 82%, d.r.>20:1 63%, d.r. >20:1 (99% ee)
Figure 4.14. Examples of Wolfe’s carboetherification/carboamination products
4.2 Results and Discussion
Given the importance of the compoundsdiscussed in the introduction to this
chapter, we thoughtit worthwhile to pursue a reaction whereby they can be madein
a simple procedure from readily available starting materials. We envisaged a one-pot
procedure comprising of a regioselective internal Heck arylation of unsaturated
alcohols followed by an acid-catalysed intramolecular hydroalkoxylation (Scheme
4.14). The desired products, depending on the alcohol chosen, were 2,2-disubstituted
THF’s or THP’s.
1)Heck arylation Ar
2)Cyclisation Oo
n
n=1,2
Scheme 4.14 Proposed one-pot procedure for THF and THPsynthesis
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Our first task was to find suitable conditions for the arylation of the
unsaturated alcohols. Due to the success enjoyed by this group whenalcoholsolvents
were employed for regioselective arylations of electron-rich olefins, we initially
focused our efforts on developing the reaction for unsaturated alcohols in ethylene
glycol.®* The coupling of 4-bromoacetophenone with pent-4-ene-1-ol was chosen as
a model reaction. The results obtained at various temperatures and catalyst
concentrations are shownin table 4.01. Although complete conversion was possible
in just 1.5 h at 145 °C with a 1% Pdloading, the isolated yield was only 60% ofthe
isomeric mixture of alcohols. Reducing the temperature to 100 °C gave only
marginal improvement to 65%. Lowering the Pd-loading to 0.1% led to a sluggish
reaction that was not completeafter 36 h (entry 3). The key to achieving a high yield
for this reaction turned out to be a further reduction in temperature to 80 °C although
a slight increase in catalyst loading was required for complete conversion in 12 h. An
86% yield and a:ratio of 85:15 resulted.
The next step wasto attempt a one-pot Heck/cyclisation procedure. After the
Heck reaction was complete the reaction mixture was cooled to room temperarure
and 3 eq of a bronsted acid were added. Two equivalents were required to neutralise
the remaing NEt; from the Heck reaction, one equivalent to promote cyclisation.
Muchto our disappointment wedid not obtain the desired tetrahydrofuran under any
of the conditions tried (acids, co-solvents, temperature). Although complete
consumption of the substituted alcohol was observedindicating a reaction had taken
place, we havenot, as yet, identified the products. Wesuspect the alcohol solventis
responsible for the failure of this approach to produce the desired products.
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Table 4.01. Optimisation of unsaturated alcoholarylation in ethylene glycol"
Pd-dppp
NEt3 OoAr—Br +Sonon OH +
“NyHO SS OH
a B
 
O
Entry Pd:dppp (mol%) Base T (°C) Time Cony. a:B Yield”(hy) (%)
1 1:2 NEt; 145 1.5 100 85:15 60
Z 1:2 3eq NEt; 100 5 100 84:16 365
3 0.1:0.2 3eq NEts 100 36 80 85:15 -
4 1:3 3eq NEt; 100 > 100 86:14 -
a 1:2 3eq NEts 80 30 100 85:15 85
6 1.5:3 3 eq NEts 80 12 100 85:15 86
7 L.5:3 1.2eq NEts 80 12 75 85:15 -
* Reaction conditions: 4-bromoacetophenone (1 mmol) , 4-pentene-lol (1.2mmol) , Pd(OAc)2, dppp,
NEt;, 1 mLethylene glycol
> Isolated yields (isomeric mixture of alcohols).
 
Wewere then faced with the finding alternative conditions for the Heck
rection. Previous work in this group had shown that the Heck arylation of
unsaturated alcohols could be performed in a 1:1 mixture of DMSO and an
imidazolium based ionic liquid.“* We wondered whether it might be possible to
replace the ionic liquid with the H-bond donatingsalts that had been successful for
other reactions of electron-rich olefins, a cheaper altrernative.” A screening of
conditions was undertaken and the results are shownin table 4.02.
Entry 1 showsthat the addition of [H2N'Pr)][BF4] (1.5 eq.) to DMSOallowed
us to obtain the required substituted alcohol in 75% yield with an a:B ratio of 80:20.
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In the absence of the ammoniumsalt the selectivity and yield were both significantly
diminished (entry 2). DMFalso gave satisfactory results when used in conjunction
with the H-bond donor (entry 3). Toluene, although affording acceptable
regioselectivity, gave only a moderate yield of the desired product (entry 4).
Acetonitrile proved to be an excellent solvent for our reaction, giving a promising
83% yield and 75:25 a:B ratio (entry 5). Although no reaction was observed in
dioxane in the absence of the ammonium salt, the regioselectivity obtained was the
highest of all when 1.5eq [H.N'Pr2][BF4] was added (entries 6 & 7). A further
increase to 3 equivalents of the additive had negligible effect on the regioselectivity
or isolated yield (entry 8). It should also be noted that double bond migration
occurred in all reactions to give the tri-substituted alkene shown in Table 4.02. This
was not a concern, however, as the product of cyclisation would be the sameasthat
for the terminalolefin initially produced by the Heckreaction.
It is important at this point to address the selectivity of the reaction towards the
Heck products. We realise that the conditions we used for the Heck reaction,
particularly entries 7 and 8, are very similar to those employed by Wolfe for the
carboetherification reactions (etheral solvent, Pd, bisphosphine, base). However,
Wolfe proposes a mechanism that includes insertion of an alkene into a Pd-oxygen
bond.*® This is an unusual step with little in the way of literature precedent for
unactivated alkenes.©® It is suggested that the strong base necessary for the
successful reaction is required to increase the nucleophilicity of the oxygen atom and
facilitate the insertion. We presume that under our conditions (NEts) the
nucleophilicity of the oxygen atom is notsufficient for this process to occur and the
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more usualinsertion of olefin into the Pd-Ar bondis faster. Hence, the Heck reaction
is the dominant pathway.
Table 4.02. Developmentofalternative arylation conditions*
Pd-dppp,
~~ NEts,solventsolventAr—Br +“~~OH Dye[H2NiPr2][BF4]
Entry Solvent Additive a:B Isomerisation (% of a) Yield” 
1 DMSO 15 80:20 17 75
2 DMSO None 55:45 72 60
3 DMF 1.5 75:25 87 72
4 Toluene 1.5 82:18 27 50
5 MeCN Lo 74:26 69 83
6  Dioxane None - - -
7 Dioxane 1.5 85:15 ae dd
8 Dioxane 3 84:15 28 73
@ Reaction conditions: 4-bromoacetophenone (1 mmol) , 4-pentene-lol
(1.2mmol) , Pd(OAc), (0.03 mmol), dppp (0.06 mmol), NEt; (3 mmol), 1 mL
solvent, 110°C, 24h
> Isolated yields (isomeric mixtureof alcohols)
With a promising variety of conditions in hand, we turned our attention to
developinga one potprocedure. After completion of the Heck reaction,the flask was
cooled to room temperature and 6 mL of a co-solvent and 3 equivalents of an acid
were added. 2 equivalents of acid were required to neutralise the excess NEt; left
after the Heck reaction and one equivalent to afford cyclisation of the unsaturated
alcohol. The results using various solvents/co-solvents are shown in Table 4.03.
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Table 4.03. Developmentof one-pot Heck/Cyclisation procedure*
1) Pd-dppp,[H2N'Pr2][BF4]
 
 
Er Aepy NEts, solvent . wx]
2) HBF,
Co-solvent, 6 h,rt 1
Entry Solvent ‘Co-solvent’ Acid Yield”
1 Dioxane Toluene HBF, 50
2 Dioxane Toluene Conc. H2SO4 33
3 Dioxane Toluene Conc. HNO3 28
4 DMSO DMSO HBF, 0
5 DMSO DMSO TfOH 0
6 MeCN MeCN HBF, 22
7 MeCN MeCN TfOH 15
8 Dioxane None HBF, 28
9 Dioxane Dioxane HBF, 40
10. Dioxane Hexane HBF, 62
11 Dioxane DCM HBF, 52
* Reaction conditions: 4-bromoacetophenone (1 mmol) , 4-
pentene-lol (1.2mmol) , Pd(OAc), (0.03 mmol), dppp (0.06
mmol), NEt; (3 mmol), 1 mL solvent, 110 °C, 24h then 3
eq. Acid, 6 mL co-solvent, rt, 12 h.* Isolated Yields
It was decided to first use toluene as the co-solvent as it has been used in
previous reports on cyclisations of this type. Using HBF, with this solvent system led
to a 50% yield of 1 over the two steps but changing to the weaker HpSO4 or HNO3
reduced this value to 33 and 28% respectiviely (entries 1-3). Although complete
consumption ofthe alcohol wasobserved in DMSO,no 1 wasobtained, regardless of
the acid chosen (entries 4 & 5). MeCN had provedto be an excellent solvent for the
initial arylation but upon addition of TfOH or HBF, only low yields of 1 were
obtained (entries 6 & 7). Entries 8 and 9 show that addition of the co-solvent has
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significant benefit for the yield of the reaction. Hence, when dioxane was used
without a co-solvent the yield dropped to 28% compared with 40% for the
dioaxane/dioxane system. We weredelighted to find that the use of hexane as the co-
solvent with dioxane allowed us to obtain the desired 2,2-disubstituted THF 1 in a
62% isolated yield (entry 10). Although providing a respectable 52%, DCM was
inferior to hexane as a co-solventso it was decided to continue ourinvestigation with
the dioxane/hexane system as optimal conditions.
To see how our one-pot procedure compares to a two-step synthesis, with
isolation of the intermediate alcohol, wefirst carried out the Heck reaction under our
best conditions found in table 4.01. After isolation we subjected the substituted
alcoholto cyclisation with HBF, in dioxane. The overall yield was 58% based on the
starting bromide (Scheme 4.15). This compares favourably with our method as the
yields are similar (62%) and one-pot processes are always favoured over multi-step
syntheses.
Oa) baoe + LV~on —.
>
SSOH _ ) JO 58% overall
Ar Ar
a) Conditions asin table 4.01, entry 5, b) 0.5 eq HBF,, dioxane 4 mL,rt, 8h
Scheme 4.15. Two step synthesis of substituted THF
Wethen focussed our efforts on expanding the scope ofthe reaction with respect
to the aryl bromide. The results are shown in Table 4.04. A range ofaryl bromidesare
tolerated and converted smoothly into the corresponding alcohol and eventually the 2,2-
disubtituted THF’s in moderate to goodyields. Electron deficient (entries 1-6), electron-
rich (entries 7-10) and sterically demanding (entries 6 and 9) substrates can all be
tolerated by the convenient one-pot procedure.
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Table 4.04. THFs bya one-pot Heckarylation/cyclisation procedure*
1) Pd-dppp,[H2N'Pra][BF4]
 
 
. OsotSeg > wr)2) HBF,
hexane,6 h,rt
Entry Product Yield’ Entry Product Yield”U 01 62 6 C 51
Ac 1 6
O O
2 ov 55 7 50
MeOAc 2 ° 7
O O
3 one 54 8 oe 62
O 3 8
oO O
4 SV 55 9 or 58
O 4 2
O
O
5 54.10 ov 65
5 OMe 10
@ Reaction conditions: ArBr (1 mmol) , 4-pentene-lol (1.2 mmol) , Pd(OAc), (0.03
mmol), dppp (0.06 mmol), NEt; (3 mmol), 1 mL solvent, 110 °C, 24h then HBF,(2.3-
3eq),hexane 6 mL,rt, 3-8 h.
Isolated yields
In order to further expandthe scopeofthe reaction weinvestigated the possibility
of changing the starting unsaturated alcohol with a vue to producing differentring sizes.
Hence, 5-hexene-1-ol was reacted under conditions similar to those in Table 4.03 with a
range of aryl bromides to yield a variety of 2,2-substituted tetrahydropyrans in the
moderateyields reported in Table 4.05. The loweryields were attrbuted to an inherently
lower regioselectivity in the Heck reaction for this alcohol (75:25 vs 85:25).
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Table 4.05. THP’s by a one-pot Heckarylation/cyclisation procedure
1) Pd-dppp,[H2N'Pro][BF4]
 
i OAr—Br prem NEt3, d oxane
-
2) HBF4, hexane
oany i Yield” Entry
Product Yield?
.
O
1 41 5 45
Ac W
3
O Oo
: or 43-6 Cre 42
Ac 2 16
e
O
WV eo 4 ov
48
° is
17
O(LY© CO —_ 53
i OMe
18
* Reaction conditions: ArBr (1 mmol) , 5-hexene-1-ol (1.2 mmol) , Pd(OAc), (0.03 mmol),
dppp (0.06 mmol), NEt; (3 mmol), 1 mL solvent, 110 °C, 24 h then HBF, (2.3-3
eq),Hexane 4 mL,rt, 3-8 h.
° Isolated yields
Wenext turnedourattention to aryl bromides that contained more than one bromine
atoms. Our intentions were twofold-
1. To see if it is possible to affect a monosubstitution and hence obtain
polycyclic systems that could then be reacted in further coupling reactions.
2. Perform multiple substitution/cyclisation reactions to produce tetracyclic
products.
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We thought this might be possible by controlling the stoichiometry of the
reaction (i.e. the amount of alcohol). Hence, when 1.05 eq of pent-4-ene-1-ol was
added to the reaction of 1,4-dibromonapthalene and the procedure described in Table
4.04 was repeated, a 35% yield of the desired monosubstituted product shown in
Table 4.06, entry 1 was obtained. Unreacted starting material and disubstituted
product were also obtained in 10 and 9% yields, respectiviely. Repeating the
procedure with 4,4’-dibromobiphenyl (entry 3) led to a 28% yield with similar
amountsofthe starting material and disubtituted product obtained asin entry 1. The
same two substrates were then reacted with 2.5 eq of pent-4-ene-1-ol and subjected
to the same cyclisation conditions as before (2.5 eq HBF4, hexane). The tetracyclic
products shownin entries 2 and 4 demonstrate how the chemistry developed here can
be used to construct polyheterocyclic compounds, albeit in modestyields.
The fact that our products contain a quaternary stereogenic centre did not go
unnoticed. As this centre is generated during the acid-catalysed cyclisation, we
thought a chiral brenstead acid might allow us to obtain chiral substituted THFs.
However,a chiral binol phosphoric acid did not provide any conversionat any of the
loadings (1-10 mol%) or temperatures (rt-80 °C) tried. The chiral (+)-
camphorsulfonic acid (20 mol%) gave only 25% of conversion to the desired
productin 48 h at 60 °C which,disappointingly, was a racemic mixture.
Wealso contemplated the use of higher unsaturated alcohols as a way to access
larger oxygen heterocycles. All the alcohols tried reacted smoothly with 4-
bromoacetophenoneto yield the substituted alcohol. Unfortunately, none of the Heck
products were cyclised under the conditions employed for the THFs and THPs
above.
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Table 4.06 One-pot Heck/Cyclisation procedure for aryl dibromides
1)Pd-dppp 3mol%
NEts 3 eq
[H2NiPr2][BF4] 1.5 eq
dioxane,reflux, 24 h
 
 
O
Ar—Brp + You navel
2) Hexane, 2.5 eq HBF, Br, n
Entry Alcohol (eq) Product Yield®
O
1° 1.05 CE) 35
Br 19
0.
2 1.05 CO) 27
O
20
Oo
3° 2.5 CF 28
o 21
Br
4° 2.5 24
* 1 mmolaryl bromide, 1.05 mmol 4-pentene-1-ol
> 1 mmol aryl bromide, 2.25 mmol4-pentene-1-ol
* Isolated yields
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4.3. Conclusions and Future Work
A one-pot procedure for the synthesis of substituted THFs and THPs from
aryl bromides and unsaturated alcohols has been developed. The regioselective
internal arylation of unsaturated alcohols followed by an acid promoted cyclisation
allows for a variety of 2,2-disubstituted oxygen heterocyles to be produced in
moderate to good yields. Because other methodologies for the Heck arylation were
unsuitable, new conditions were developed for this work. The use of an H-bond
donating salt [H2NiPr2][BF4] in molecular solvents allowed for regioselectivities
similar to those achieved in previous reports and successful cyclisation. To the best
of our knowledge, this is the first example of a one-pot two-step procedure involving
the internal arylation of an unsaturated alcohol, affording THFs and THPs.
The conditions for the cyclisation reported in this work are highly acidic (1 eq
HBF,4) and may not be attractive for complex synthetic applications. Taking
advantage of other methods of cyclisation such as iodocyclisation or the metal triflate
mediated protocol would provide a more versatile procedure. Halocyclisation in
particular would be an interesting developmentasthis installs a synthetic handle for
further elaboration. By replacing the unsaturated alcohols with unsaturated acids the
scope could be openedupto include lactone-type products. A recent report indicates
that more water-soluble electron-rich olefins allow regioselective arylation to be
performed in aqueous environments. Asthis is also true for some of the alternative
cyclisation procedures discussed, an aqueous one-pot procedure for the
arylation/cyclisation might be possible. The products presented here wereall racemic
mixtures, development of an asymmetric cyclisation to couple with the arylation
would addsignificant value to the present work.
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4.4 Experimental
General procedure for the Heck arylation of unsaturated alcohols in ethylene
glycol. An oven-dried, two-necked round-bottom flask containing a stir bar was
charged with Pd(OAc), (0.01 mmol, 2.2 mg), dppp (0.02 mmol, 6.4 mg), 4-
bromoacetophenone (1 mmol, 199 mg), 4-pentene-1-ol (1.2 mmol, 103 mg, 0.12 mL)
and 1 mL ethylene glycol. The flask was degassed and backfilled with nitrogen for
three times and NEt; (3 mmol, 303 mg, 0.4 mL) was injected. The flask was heated
to 80 °C for an appropriate time until tlc. analysis showed consumption ofthe aryl
bromide was complete. The flask was cooled to room temperature and water (10 mL)
was added. The mixture was extracted with Et,O (3 x 15 mL) and the combined
organic layers were concentrated in vacuo. The crude mixture was subjected to NMR
analysis and then purified by flash chromatography onsilica gel (hexanes:EtOAc,
9:1). The results are shown in Table 4.01 of the text.
Optimisation of Heck arylation of unsaturated alcohols in molecular solvents.
An oven-dried, two-necked round-bottom flask containing a stir bar was charged
with Pd(OAc), (0.03 mmol, 6.7 mg), dppp (0.06 mmol, 24.6 mg), salt additive, 4-
bromoacetophenone (1 mmol, 199 mg) and 4-pentene-1-ol (1.2 mmol, 103 mg, 0.12
mL) and 1 mL ofsolvent. The flask was degassed and backfilled with nitrogen for
three times and NEt3 (3 mmol, 303 mg, 0.4 mL) wasinjected. The flask was heated
(block temperature 115 °C) and the mixture stirred vigorously for an appropriate
time. The flask was cooled to room temperature and water (10 mL) was added. The
mixture was extracted with Et,O (3 x 15 mL) and the combined organic layers were
concentrated in vacuo. The crude mixture was subjected to NMRanalysis and then
purified by flash chromatographyonsilica gel (hexanes:EtOAc, 9:1).
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Optimisation of one-pot procedure for the synthesis of substituted THFs and
THPs. An oven-dried, two-necked round-bottom flask containing a stir bar was
charged with Pd(OAc), (0.03 mmol, 6.7 mg), dppp (0.06 mmol, 24.6 mg),
[H2N;Pr2][BF4] (1.5 mmol, 283 mg), 4-bromoacetophenone (1 mmol, 199 mg) and 4-
pentene-1-ol (or 5-hexene-1-ol) (1.2 mmol, 103 mg, 0.12 mL) and | mL dioxane.
The flask was degassed and backfilled with nitrogen for three times and NEt; (3
mmol, 303 mg, 0.4 mL) wasinjected. The flask was heated (block temperature 115
°C) and the biphasic mixture stirred vigorously until tlc. analysis revealed total
consumption of the aryl bromide. The mixture was cooled to room temperature and,
where appropriate, 6 mL of a co-solvent and 3 mmol of acid were injected
sequentially. The biphasic mixture wasstirred vigorously until tlc. analysis showed
consumption ofthe substituted alcohol was complete (or for 24 h) and NEt; (2 mmol,
0.27 mL, 202 mg) and water (15 mL) were added and the mixture extracted with
Et,O (3 x 15 mL). The combined extracts were concentrated in vacuo and the crude
residue purified by flash chromatographyonsilica gel (hexanes:EtOAc,98:2).
General procedure for the one-pot synthesis of 2,2’-disubstituted THFs and
THPs from aryl bromides and unsaturated alcohols. An oven-dried, two-necked
round-bottom flask containing a stir bar was charged with Pd(OAc), (0.03 mmol, 6.7
mg), dppp (0.06 mmol, 24.6 mg), [H2NiPr][BF4] (1.5 mmol, 283 mg), 4-
bromoacetophenone (1 mmol, 199 mg) and 4-pentene-1-ol (or 5-hexene-1-ol) (1.2
mmol, 103 mg, 0.12 mL) and | mL dioxane. The flask was degassed and backfilled
with nitrogen for three times and NEt; (3 mmol, 303 mg, 0.4 mL) wasinjected. The
flask was heated (block temperature 115 °C) and the biphasic mixture stirred
vigorously until tlc. analysis revealed total consumption of the aryl bromide. The
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mixture was cooled to room temperature and hexane (6 mL) and HBF4. (54% wt. in
Et.O) (3 mmol) were injected sequentially. The biphasic mixture was stirred
vigorously until tlc. analysis showed consumption of the substituted alcohol was
complete. NEt; (2 mmol, 0.27 mL, 202 mg) and water (15 mL) was added and the
mixture extracted with Et,O (3 x 15 mL). The combined extracts were concentrated
in vacuo and the crude residue purified by flash chromatography on silica gel
(hexanes:EtOAc, 98:2).
4.5 Compoundscharacterised
1-(4-(2-methyltetrahydrofuran-2-yl)phenyl)ethanone 1
'H NMR(400 MHz, CDCI): 5 = 7.92 (d, J 8.4 Hz, 2 H), 7.49 (d, J = 8.4 Hz, 2 H),
4.15-3.99 (m, 1 H), 3.98-3.88 (m, 1 H), 2.60 (s, 3 H), 2.29-2.13 (m, 1 H), 2.13-1.94
(m, 2 H), 1.89-1.75 (m, 1 H), 1.53 (s, 3 H)
'5C NMR(100 MHz, CDCI3) & = 199.5, 152.5, 129.4, 126.1, 113.4, 82.5, 69.1, 39.5,
30.0, 28.2, 26.7
CI-HRMSCalcd for C}3H,7O2 (M + H): 205.1223. Found: 205.1223
Anal Calcd for C}3H;6O2: C, 76.44; H, 7.90. Found: C, 76.40; H, 7.89
1-(3-(2-methyltetrahydrofuran-2-yl)phenyl)ethanone 2
'H NMR(400 MHz, CDCl;): 5 = 8.00 (t, J = 1.6 Hz, 1 H), 7.82 (dt, J= 7.6, 1.2 Hz, 1
H), 7.65-7.61 (m, 1 H), 7.42 (t, J= 9.2 Hz, 1 H), 4.08-4.00 (m,1 H), 3.96-3.89 (m, 1
H), 2.62 (s, 3 H), 2.27-2.16 (m, 1 H), 2.11-1.95 (m,2 H), 1.89-1.75 (m, 1 H), 1.54 (s,
3H)
'3C NMR (100 MHz, CDCI;) 5 = 198.2, 149.3, 137.2, 130.0, 128.8, 127.0, 124.9,
84.5, 68.1, 39.9, 30.0, 27.2, 26.2
CI-HRMSCaled for C;3H2902N (M + NH,)*: 222.1489. Found: 222.1491
Anal Calcd for C}3H;6O2: C, 76.44; H, 7.90. Found: C, 76.50; H, 7.93
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1-(4-(2-methyltetrahydrofuran-2-yl)phenyl)propan-1-one 3
'H NMR(400 MHz, CDCI): 5 = 8.07 (d, J= 8.4 Hz, 2 H), 7.72 (d, /= 8.4 Hz, 2 H),
4.11-4.00 (m, 1 H), 3.97-3.88 (m, 1 H), 2.99 (q, J=7.2 Hz, 2 H), 2.25-2.14 (m, 1 H),
2.12-1.94 (m, 2 H), 1.86-1.75 (m, 1 H), 1.54 (s, 3 H),1.22 (t, J= 7.2 Hz, 3 H)
'3C NMR (100 MHz, CDCl) 5 = 200.7, 144.6, 135.6, 128.4, 124.8, 84.7, 68.1, 36.4,
29.8, 26.2, 8.6
CI-HRMSCaled for C;4Hj9O2 (M + H)": 219.1385. Found: 219.1387
Anal Calcd for C;4H;gO2: C, 77.03; H, 8.31. Found: C, 77.15; H, 8.33
(4-(2-methyltetrahydrofuran-2-yl)phenyl)(phenyl)methanone 4
'H NMR (400 MHz, CDCI;): § = 7.85-7.75 (m, 4 H), 7.62-7.55 (m, 1 H), 7.54-7.45
(m, 4 H), 4.10-4.00 (m, 1 H), 3.99-3.90 (m, 1 H), 2.28-2.18 (m, 1 H), 2.14-1.95 (m,2
H), 1.89-1.75 (m, 1 H) 1.56 (s, 3 H)
'3C NMR (100 MHz, CDCl;) 8 = 196.9, 153.5, 138.2, 136.1, 132.7, 130.8, 130.6,
128.7, 125.4, 84.7, 68.2, 39.9, 29.6, 26.1
CI-HRMSCalcd for C;sH}s02Na (M + Na)": 289.1204. Found: 289.1197
AnalCalcd for C;gH;gO2: C, 81.17; H, 6.81. Found: C, 81.39; H, 6.85
2-methyl-2-(naphthalen-2-yl)tetrahydrofuran 5
1H NMR(400 MHz, CDClI;): 5 = 7.96-7.78 (m,4 H), 7.56-7.40 (m, 3 H), 4.12-4.03
(m, 1 H), 4.03-3.95 (m, 1 H), 2.35-2.27 (m, 1 H), 2.15-1.95 (m, 2 H), 1.90-1.75 (m,1
H), 1.60 (s, 3 H)
13C NMR(100 MHz, CDCl3) 8 = 145.9, 133.6, 132.6, 128.5, 128.3, 127.9, 126.4,
125.9, 124.2, 123.2, 84.8, 68.1, 39.8, 30.0, 26.2
CI-HRMSCaled for C1sH7O (M + H)*: 213.1274. Found: 213.1270
Anal Calcd for C}sH16O: C, 84.87; H, 7.60. Found: C, 84.95; H, 7.62
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2-methyl-2-(naphthalen-1-yl)tetrahydrofuran 6
'H NMR(400 MHz, CDCI): 5 = 8.31- 8.13 (m, 1 H), 7.99-7.67 (m, 3 H), 7.64-7.34
(m, 3 H), 4.17 (td, J = 8.0, 4.8 Hz, 1 H), 3.97-3.78 (m, 1 H), 2.64-2.56 (m, 1 H),
2.53-2.29 (m, 1 H), 2.22-1.96 (m, 1 H), 1.94-1.80 (m, 1 H), 1.82 (s, 3 H)
'3C NMR (100 MHz, CDCl) 8 = 144.1, 135.2, 130.4, 129.7, 128.8, 128.3, 126.4,
125.8, 125.6, 122.9, 85.0, 67.1, 39.8, 30.1, 26.9
CI-HRMSCaled for C}sH}7O (M + H)*: 213.1274. Found: 213.1270
AnalCalcd for C;sH)60: C, 84.87; H, 7.60. Found: C, 85.10; H, 7.65
2-(6-methoxynaphthalen-2-yl)-2-methyltetrahydrofuran 7
'H NMR(400 MHz, CDCI;): 5 = 7.80 (s, 1 H), 7.71 (t, J= 9.2 Hz, 2 H), 7.45 (dd, J=
8.4, 1.6 Hz, 1 H), 7.17-7.10 (m, 2 H), 4.11-4.02 (m, 1 H), 4.02-3.94 (m, 1 H), 3.91 (s,
3 H), 2.36-2.25 (m, 1 H), 2.15-1.95 (m, 2 H), 1.90-1.76 (m, 1 H), 1.59 (s, 3 H)
'5C NMR (100 MHz, CDCl3) 5 = 157.9, 143.6, 133.7, 129.9, 129.1, 127.1, 124.7,
123.1, 119.1, 105.9, 84.8, 68.0, 55.7, 39.8, 30.1, 26.2
ES-HRMSCaled for C}6Hig02Na (M + Na)’: 265.1204. Found: 265.1194
AnalCalcd for C16H;sO2: C, 79.31; H, 7.60. Found: C, 79.25; H, 7.58
2-methyl-2-(m-tolyl)tetrahydrofuran 8
"HNMR(400 MHz, CDCI): 5 = 7.31-7.15 (m, 3 H), 7.06-7.00 (m, 1 H), 4.08-3.97
(m, 1 H), 3.95-3.86 (m, 1 H), 2.35 (s, 3 H), 2.27-2.14 (m, 1 H), 2.10-1.90 (m, 2 H),
1.85-1.74 (m, 1 H), 1.51 (s, 3 H)
'3C NMR (100 MHz, CDCl3) 8 = 148.6, 138.1, 128.4, 127.5, 125.8, 122.2, 84.7,
67.9, 39.9, 30.2, 26.2, 22.0
CI-HRMSCaled for C}2H29ON (M + NHa)*: 194.1539. Found: 194.1537
Anal Calcd for C;2H160: C, 81.77; H, 9.15. Found: C, 81.80; H, 9.16
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2-methyl-2-(0-tolyl)tetrahydrofuran 9
'H NMR(400 MHz, CDCls): 8 = 7.65 (m, 1 H), 7.25-7.09 (m, 3 H), 4.11-3.97 (m,1
H), 3.90-3.74 (m, 1H), 3.44 (s, 3 H), 2.42-2.11 (m, 2 H), 2.12-1.92 (m, 1 H), 1.91-
1.79 (m, 1 H), 1.54 (s, 3 H)
'5C NMR (100 MHz, CDCl) 5 = 146.4, 134.3, 132.4, 130.5, 127.0, 126.1, 125.5,
84.9, 67.2, 39.0, 28.6, 26.8, 22.0
CI-HRMSCalcd for C}2H2»0N (M + NHg)": 194.1539. Found: 194.1539
Anal Calcd for C}2H160: C, 81.77; H, 9.15. Found: C, 81.80; H, 9.16
2-(3-methoxyphenyl)-2-methyltetrahydrofuran 10
'H NMR (400 MHz, CDCI): 8 = 7.23 (t, J = 8.0 Hz, 1 H), 6.99 (t, J= 2.0 Hz, 1 H),
6.98 (m, 1 H), 6.75 (dd, J= 8.0, 2.4 Hz, 1 H), 4.07-3.96 (m, 1 H), 3.95-3.87 (m, 1 H),
3.81 (s, 3 H), 2.26-2.15 (m, 1 H), 2.08-1.90 (m, 2 H), 1.87-1.75 (m, 1 H), 1.52 (s, 3
H)
'5C NMR(100 MHz, CDCI3) & = 159.9, 150.5, 129.6, 117.6, 111.9, 111.0, 84.7,
68.0, 55.6, 39.9, 30.1, 26.2
CI-HRMSCalcd for C;7H;702 (M + H): 193.1223. Found: 193.1225.
Anal Calcd for C;2H;6O2: C, 74.97; H, 8.39. Found: C, 74.81; H, 8.35
1-(4-(2-methyltetrahydro-2H-pyran-2-yl)phenyl)ethanone 11
'H NMR(400 MHz, CDCI): 5 = 7.96 (d, J = 8.4 Hz, 2 H), 7.51 (d, J= 8.4 Hz, 2 H),
3.83-3.73 (m, 1 H), 3.56-3.42 (m, 1 H), 2.61 (s, 3 H), 2.37-2.25 (m, 1 H), 1.86-1.55
(m, 3 H), 1.53-1.40 (m, 3 H), 1.39 (s, 3 H)
'3C NMR(100 MHz, CDCI3) & = 198.3, 151.7, 135.9, 129.1, 126.6, 76.4, 63.4, 35.1,
27.0, 26.2, 20.5
CI-HRMSCaled for C;4H;902 (M + H)’: 233.1541. Found: 233.1543
AnalCalcd for C14H)sO2: C, 77.55; H, 8.68. Found: C, 77.47; H, 8.64
157
Chapter 4. Heck Reactionsfor Oxygen Heterocycles
1-(3-(2-methyltetrahydro-2H-pyran-2-yl)phenyl)ethanone 12
'H NMR(400 MHz, CDCI): 8 = 8.01 (s, 1 H), 7.84 (d, J = 7.7, 1 H), 7.65 (4, J=
7.8, 1 H), 7.40 (t, J = 4.2 Hz, 1 H), 3.85-3.75 (m, 1 H), 3.54-3.42 (m, 1 H), 2.63 (s, 3
H), 2.40-2.27 (m, 1 H), 1.86-1.76 (m, 1 H), 1.74-1.58 (m, 2 H), 1.54-1.42 (m, 2 H),
1.40 (s, 3 H)
'3C NMR (100 MHz, CDCl;) 8 = 198.8, 146.8, 137.8, 131.3, 129.2, 127.1, 126.1,
76.2, 63.3, 35.0, 32.5, 27.2, 26.3, 20.4
CI-HRMSCaled for C;4H1902 (M + H)*: 233.1541. Found: 233.1541
Anal Calcd for C,4H)sO: C, 77.55; H, 8.68. Found: C, 77.72; H, 8.71
1-(4-(2-methyltetrahydro-2H-pyran-2-yl)phenyl)propan-1-one 13
'H NMR (400 MHz, CDCI): 5 = 7.89 (d, J = 8.8 Hz, 2 H), 7.43 (d, J= 8.8 Hz, 2 H),
3.74-3.65 (m, 2 H), 3.45-3.34 (m, 1 H), 2.98 (q, J= 7.4 Hz, 2 H), 1.77-1.50 (m,2
H), 1.46-1.31 (m, 2 H), 1.30 (s, 3 H), 1.15 (t, J= 7.4 Hz, 3 H)
'3C NMR (100 MHz, CDCI;) § = 200.9, 171.5, 151.4, 135.7, 128.7, 126.5, 76.4,
63.3, 35.0, 32.4, 32.2, 26.2, 8.7
CI-HRMSCaled for C;sH21O2 (M + H)": 233.1541. Found: 233.1543
Anal Calcd for C;}5H2902: C, 77.55; H, 8.68. Found: C, 77.45; H, 8.64
2-methyl-2-(naphthalen-1-yl)tetrahydro-2H-pyran 14
'H NMR(400 MHz, CDCI3): 6 = 9.11-9.01 (m, 1 H), 7.90-7.80 (m, 1 H), 7.75 (d, J=
8.0 Hz, 1 H), 7.57-7.37 (m, 4 H), 3.75-3.66 (m, 1 H), 3.19 (td, J = 9.2, 2.4 Hz, 1 H),
2.70-2.55 (m, 1 H), 1.95-1.80 (m, 2 H), 1.78-1.67 (m, 2 H), 1.67 (s, 3 H), 1.45-1.35
(m, 1 H)
'5C NMR (100 MHz, CDCl) 8 = 139.7, 135.4, 132.5, 129.4, 128.8, 127.5, 126.2,
125.9, 125.7, 125.2, 79.0, 63.5, 36.7, 31.7, 26.0, 20.3
CI-HRMSCalcd for C1sH220N (M + NH,)": 244.1701. Found: 244.1703
AnalCalcd for C16H80: C, 84.91; H, 8.02. Found: C, 85.12; H, 8.08
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2-methyl-2-(naphthalen-2-yl)tetrahydro-2H-pyran 15
'H NMR (400 MHz, CDCI;): 5 = 7.89-7.80 (m, 4 H), 7.60 (dd, J= 8.8, 1.6 Hz, 1 H),
7.53-7.42 (m, 2 H), 3.84-3.74 (m, 1 H), 3.51 (td, J = 11.2, 2.8 Hz, 1 H), 2.53-2.41
(m, 1 H), 1.92-1.79 (m, 1 H), 1.78-1.54 (m, 3 H), 1.46 (s, 3 H), 1.45-1.37 (m, 1 H)
'3C NMR(100 MHz, CDCI3) & = 143.2, 133.9, 132.7, 128.7, 128.4, 127.9, 126.3,
126.1, 125.1, 125.0, 76.5, 63.4, 35.0, 33.1, 26.4, 20.6
CI-HRMSCaled for C}gH22NO(M + NHg)": 244.1701. Found: 244.1701
Anal Calcd for C;6H;sO0: C, 84.91; H, 8.02. Found: C, 84.99; H, 8.03
2-methyl-2-(0-tolyl)tetrahydro-2H-pyran 16
'H NMR (400 MHz, CDCI): 8 = 7.28-7.22 (m, 1 H), 7.21-7.10 (m,1 H), 3.80-3.67
(m, 1 H), 3.35-3.22 (m, 1 H), 2.51 (s, 3 H), 2.50-2.42 (m, 1 H), 1.80-1.62 (m, 4 H),
1.44 (s, 3 H), 1.43-1.36 (m, 1 H)
'3C NMR (100 MHz, CDCl3) 5 = 141.8, 137.8, 133.5, 128.1, 127.2, 126.1, 78.3,
63.1, 36.3, 30.6, 26.3, 22.4, 20.5
CI-HRMSCalcd for C;3H22NO (M + NH,)’: 208.1701. Found: 208.1702.
Anal Calcd for C;3H;gO: C, 82.06; H, 9.53. Found: C, 82.28; H, 9.57
2-methyl-2-(m-tolyl)tetrahydro-2H-pyran 17
1H NMR (400 MHz, CDCI): 5 = 7.33-7.17 (m, 3 H), 7.10-7.03 (m, 1 H), 3.80-3.69
(m, 1 H), 3.49 (td, J= 10.8, 2.8 Hz, 1 H), 2.36 (s, 3 H), 2.34-2.25 (m,1 H), 1.85-1.56
(m, 3 H), 1.55-1.40 (m, 2 H), 1.37 (s, 3 H)
'3C NMR (100 MHz, CDCl;) 8 = 160.3, 147.6, 129.8, 118.7, 112.5, 111.9, 76.4,
63.3, 55.6, 35.0, 33.1, 26.3, 20.5
CI-HRMSCalcd for C;3H22NO (M + NH4)*: 208.1701. Found: 208.1700
AnalCalcd for C;3H;30: C, 82.06; H, 9.53. Found: C, 82.15; H, 9.54
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2-(3-methoxyphenyl)-2-methyltetrahydro-2H-pyran 18
'H NMR (400 MHz, CDCI): 5 = 7.27 (t, J = 8.8 Hz, 1 H), 7.08-6.96 (m, 2 H), 7.78
(dd, J = 8.0, 2.8 Hz, 1 H), 3.81 (s, 3 H), 3.77-3.69 (m, 1 H), 3.50 (td, J = 11.2, 2.8
Hz, 1 H), (dt, J = 13.6, 4.6 Hz, 1 H), 1.80-1.46 (m,3 H), 1.45-1.39 (m, 2 H), 1.37 (s,
3H)
'3C NMR (100 MHz, CDCI3) & = 145.8, 138.4, 128.8, 127.6, 127.1, 123.4, 76.4,
63.2, 35.1, 33-1, 264, 22.1, 20.6
CI-HRMSCalcd for C;}3Hj902 (M + H): 207.1385 Found: 207.1386
AnalCalcd for C}3H;gO2: C, 75.69; H, 8.80. Found: C, 75.80; H, 8.83
2-(4-bromonaphthalen-1-yl)-2-methyltetrahydrofuran 19
1H NMR(400 MHz, CDCI;): 8 = 8.35-8.30 (m, 1 H), 8.24-8.16 (m, 1 H), 7.74 (d, J=
8.0 Hz, 1 H), 7.65 (d, J= 8.0 Hz, 1 H), 7.61-7.50 (m,2 H), 4.07 (td, J = 8.0, 4.8 Hz,
1 H), 3.87 (dd, J = 8.0, 7.2 Hz, 1 H), 2.60-2.46 (m, 1 H), 2.45-2.34 (m, 1 H), 2.16-
2.00 (m, 1 H), 1.94-1.81 (m, 1 H), 1.77 (s, 3 H)
'3C NMR (100 MHz, CDCl) 5 = 144.4, 133.1, 129.9, 128.7, 126.8, 126.4, 123.5,
122.6, 84.7, 67.1, 39.9, 30.1, 26.9
CI-HRMSCalcd for C,sHi6’’BrO (M + H)*: 291.0384, Found: 291.0385
Anal Calcd for C:sH)s5’’BrO: C, 61.87; H, 5.19. Found:C, 62.94; H, 5.22
1,4-bis(2-methyltetrahydrofuran-2-yl)naphthalene 20
'H NMR (400 MHz, CDCI;): 8 = 8.30-8.22 (m, 2 H), 7.79- 7.72 (m, 2 H), 7.57-7.42
(m, 2 H), 4.07 (td, J = 8.0, 4.8 Hz, 2 H), 3.94-3.82 (m, 2 H), 2.62-2.49 (m, 2 H),
2.43-2.31 (m, 2 H), 2.14-1.99 (m, 2 H), 1.95-1.82 (m, 2 H), 1.78 (s, 6 H)
'3C NMR (100 MHz, CDCl3) 8 = 143.1, 131.7, 127.3, 125.2, 122.4, 85.0, 67.1, 39.9,
30.2, 26.9
CI-HRMSCalcd for C29H25O2 (M + H): 297.1854. Found: 297.1851
Anal Calcd for C29H2402: C, 81.04; H, 8.16. Found: C, 81.26; H, 8.19
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2-(4'-bromo-[1,1'-biphenyl]-4-yl)-2-methyltetrahydrofuran 21
1H NMR (400 MHz, CDCls): 8 = 7.79-7.35 (m, 8 H), 4.15-4.00 (m, 1 H), 3.99-3.87
(m, 1 H), 2.35-2.16 (m, 1 H), 2.14-1.95 (m, 2 H), 1.94 1.76 (m, 1 H), 1.55 (s, 3 H)
'3C NMR (100 MHz, CDCls) 8 = 148.2, 140.3, 139.7, 132.2, 129.8, 129.1, 127.5,
127.3, 127.1, 125.7, 121.8, 84.5, 68.0, 39.9, 30.1, 26.2
CI-HRMSCalcd for Cy7His”’BrO (M + H): 317.0541. Found: 317.0544
Anal Calcd for C)7H17”’BrO:C, 64.37; H, 5.40. Found: C, 64.50; H, 5.45
4,4'-bis(2-methyltetrahydrofuran-2-yl)-1,1'-biphenyl 22
1H NMR(400 MHz, CDCI): 8 = 7.54 (d, J= 8.4 Hz, 4 H), 7.45 (d, J= 8.4 Hz, 4 H),
4.12-4.00 (m, 2 H), 4.00-3.90 (m, 2 H), 2.33-2.19 (m, 2 H), 2.14-1.94 (m,4 H), 1.93-
1.80 (m, 2 H), 1.56 (s, 6 H)
'3C NMR(100 MHz, CDCl) 5 = 147.5, 139.5, 127.4, 125.5, 84.6, 69.5, 39.9, 30.1,
24.4
CI-HRMSCalcd for C22H2702 (M + H): 323.2011. Found: 323.2015
Anal Calcd for C>7H7602: C, 81.95; H, 8.13. Found: C, 81.70; H, 8.03
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4.7 Final conclusions and closing remarks
As outlined in section 1.8, the aim of the thesis was to investigate neglected
areas of Heck chemistry and further develop existing ones into more efficient, cheap
or useful processes. This was to be done byreaction optimisation, catalyst design and
mechanistic investigation. Focussing onthe reactions of electron-rich olefins such as
enol ethers and unsaturated alcohols, three related but distinct projects were
undertaken.
Chapter 2 describes the Heck reaction of electron-rich olefins with vinyl
halides. Focussing specifically on the vinyl halides allowed us to discover some
significant differences in their reactivity when compared to more common aryl
halides. First, we established that a Pd-dppp catalyst could regiosectively vinylate
enol ethers andotherolefins internally in molecular solvents without the need to add
halide scavengers or H-bond donating salts. This was somewhat surprising as
additives of this type are usually needed whenarylations are performed. Following
this we undertook a ligand screening and found that monodentate ligands were, in
fact, superior to bidentate. A Pd-dpppO catalyst allowed lower Pd loadings and
higher rates of reaction, even with the less reactive 2-substituted vinyl ethers.
Evidence gathered from a mechanistic study suggests that, for vinyl halides, the
Heck reaction with electron-rich olefins proceeds via a neutral pathway. This led to
the proposal of an alternative mechanism for the reaction and the conclusion that
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vinyl halides can no longer be treated as analogous to aryl halides and bytreating
them separately new, moreefficient catalytic systems have been developed.
Chapter 3 introduced a cascade reaction comprising a Heckarylation of butyl
vinyl ether in alcohol solvents followed by cyclic ketal formation where the solvent
alcohol is incorporated into the product. The reaction works with a range of aryl
bromides and the corresponding cyclic ketals are obtained in good to excellent
yields. In addition, changing the alcohol solvents allowed the direct synthesis of a
variety of different cyclic ketal rings. This reaction not only allows the use of
cheaper reagents but also provides a chemoselective (other carbonyl groups present)
ketal formation in a basic environment. Some diols were unsuitable for the Heck
reaction and so could not be used for the cascade reaction. Where this was not
possible we foundthat the isolated enol ethers could be convertedto the desired ketal
by reaction with a diol in the prescence phosphoric acid catalyst. Under these
conditions the previously unsuccessful diols reacted smoothly to form the ketals in
good yields. The two methodspresented provide a convenient route to cyclic ketals
in a selective and high-yielding manner and by choosingthe correct aryl bromide and
diol, synthetically relevant intermediates can be produced.
Chapter 4 set out to utilise the Heck arylation of unsaturated alcohols in a one pot
procedure for the synthesis of substituted THF’s and THP’s. Cyclisation of the
internally arylated Heck products mediated by a brenstead acid wasto lead to 2-aryl-
2-methyl disubstituted oxygen heterocycles. Although we found a catalytic system
similar to that in Chapter 3 was good for the arylation, the cyclisation in alcohol
solvents failed and no desired product was obtained. Success was achieved by
carrying out the Heck reaction in dioxane and adding H-bondingsalts to control the
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regioselectivity, addition of a co-solvent and HBF, after the arylation allowed the
cyclised products to be obtained in good overall yields. THF’s and THP’s were
obtained from a variety of aryl bromides and the procedure represents a convenient
method of synthesis of these valuable compounds from readily available starting
materials.
The author hopes that the work presented in this thesis has gone some way to
expanding the scope of the Heck reaction of electron-rich olefins. Some questions
have been raised by discovering features of the reactions that differ from
conventional thinking and methodologies developed that have potential use in
synthetic organic chemistry. Future work would hopefully see these questions
answered and the reactions further developed and utilised in total syntheses of
complex organic molecules.
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